









Bio-Inspired Modulation of Tris(triazolyl)borate’s Electronic Properties 












Natalie Anne Dixon 
in partial fulfillment of the 
requirements for the degree 
of 





























 This thesis could not have been accomplished with out the support of my advisor, 
Liz Papish.  Liz, I am thankful for the lessons you have taught, the guidance you have 
provided, and the patience you have practiced in helping me achieve one of my greatest 
goals.  I want to thank Mukesh Kumar and Sam Nieto for always answering my questions, 
un-sticking a glass-stopper, lifting heavy objects, and teaching me time-saving lab skills.  
I am incredibly lucky to have worked with kind, hard-working friends, particularly: Jodi 
Kraus, Salome Bhaghan, Sophie Siek, Nick White, and Corey Herbst-Gervasoni.  I 
especially want to thank Joe DePasquale.  Joe, I am thankful for your advice, support, 
and friendship throughout this entire journey.  I want to thank other fellow Drexel 
graduate students, including my dear friends Marcela Garcia and Jon Soffer.  To my 
Drexel family, I will look fondly back on these memories where I worked hard and 
played hard.  Thank you. 
 Success is not only born out of dedication and persistence, but also collaboration. 
I want to thank Nicolai Lehnert (University of Michigan), Matthias Zeller (Youngstown 
University), Reinhard Schweitzer-Stenner (Drexel University), Tony Addison (Drexel 
University), and Tim Wade (Drexel University) for offering their time and knowledge to 
help polish my work and teach me how to be a better chemist. 
 I am overwhelmed by the love and support of my family and friends.  I am 
forever thankful for my husband, Christopher.  It’s a true testament of your love when 
you still want to marry a PhD graduate student.  Chris, thank you for the dinners, flowers, 
notes, and words of encouragement.  I love you so very much.  I want to thank every 
single one of my friends for helping me forget the dark days of grad school, especially 
Chris, Dylan and Erin, who would take me away to far off lands where we would climb 
mountains and sleep under starry nights.  To my family, words cannot express how 
thankful I am for the life lessons you have taught me.  Mom, thank you for always being 
available to talk with and for sharing my tears of happiness and sorrow.  Dad, thank your 
for the joy and laughter you bring.  Ryan and Tori, despite being younger than me, I look 
up to you and learn from you both.  To the rest of my family, I am astounded by the 




Table of Contents 
 	  
Acknowledgements……………………………………………………………………ii	  
List of Tables………………………………………………………………………….viii	  
List of Figures…………………………………………………………………………xi	  
List of Schemes………………………………………………………………………...xxv	  
List of Abbreviations…………………………………………………………………xxvi	  
Abstract…………………………………………………………………………........xxvii	  
Chapter 1 :	   Introduction………………………………………………………............1	  
1.1.	   Significance of Biomimetic Chemistry .................................................................. 1	  
1.2.	   Scorpionate Ligands: Unique Structures and Electronic Properties for Modeling 
Enzymes ........................................................................................................................... 5	  
1.2.1.	   Unique Facets of the Tris(triazolyl)borate Ligand Class ............................... 5	  
1.2.2.	   Nomenclature, Abbreviations, and Basic Principles ...................................... 6	  
1.2.3.	   Tris(triazolyl) Based Ligands ........................................................................ 7	  
1.2.3.1.	   TtzH,H Complexes ................................................................................................. 7	  
1.2.3.3.	   TtzPh,Me Complexes ............................................................................................. 19	  
1.2.3.4.	   TtztBu,Me Complexes ............................................................................................ 23	  
1.3.	   Scope and Thesis Objectives ............................................................................... 27	  
Chapter 2 :	   Brief Overview of Key Experimental Methods .................................... 29	  
2.1.	   Infrared Spectroscopy ......................................................................................... 29	  
2.2.	   UV-Vis Spectroscopy .......................................................................................... 32	  
2.3.	   Electron Paramagnetic Resonance ..................................................................... 34	  
2.4.	   Cyclic Voltammetry ............................................................................................. 40	  
Chapter 3 :	   Novel TtzR1,R2 Ligands…………………………………………………..44	  
3.1.	   Introduction ......................................................................................................... 44	  
3.2.	   Results and Discussion ....................................................................................... 47	  
3.2.1.	   Synthesis of TtziPr,Me .................................................................................... 48	  
3.2.2.	   Synthesis of TtziPr2 ....................................................................................... 50	  
3.3.	   Conclusion .......................................................................................................... 54	  
3.4.	   Experimental ....................................................................................................... 54	  
3.4.1.	   General Methods .......................................................................................... 54	  
3.4.2.	   Synthesis of KTtziPr,Me (3-1) ........................................................................ 55	  
3.4.3.	   Synthesis of TlTtziPr,Me(3-2) ......................................................................... 56	  
3.4.4.	   Synthesis of KTtziPr2(3-3) ............................................................................ 56	  
  
iv 
3.4.5.	   Synthesis of NaTtziPr2 (3-4) .......................................................................... 57	  
3.4.6.	   Synthesis of TlTtziPr2 (3-5) ........................................................................... 57	  
3.4.7.	   X-ray Crystallography ................................................................................. 58	  
Chapter 4 :	   Exploring Ttz’s Electronic Properties ................................................... 60	  
4.1.	   Introduction ......................................................................................................... 60	  
4.1.	   Results and Discussion ....................................................................................... 63	  
4.1.1.	   Vibrational Spectroscopy. ............................................................................ 64	  
4.1.1.1.	   Vibrational Spectroscopy of (TtztBu,Me)CuCO as a function of [HBF4] ............. 66	  
4.1.1.2.	   Vibrational Spectroscopy of (TtziPr2)CuCO as a function of [HBF4] ................. 76	  
4.1.2.	   Evaluation of (TtzR1,R2)CuCO’s response to [H+] ........................................ 77	  
4.2.	   Conclusion .......................................................................................................... 78	  
4.3.	   Experimental ....................................................................................................... 78	  
4.3.1.	   General Methods .......................................................................................... 78	  
4.3.2.	   Synthesis of TtziPr2CuCO (4-2) .................................................................... 79	  
4.3.3.	   General Sample Preparation for Vibrational Spectroscopy and Data Analysis
 80	  
4.3.4.	   Titration of (TtztBu,Me)CuCO to Determine Apparent pKa in Mixed Media 82	  
4.3.5.	   Attempt at Isolating [(TtztBu,Me)CuCO]H+, (4-1b) ....................................... 83	  
4.3.6.	   Density Functional Theory (DFT) Calculations .......................................... 84	  
Chapter 5 :	   Modeling Copper Nitrite Reductase with TtzR2,R2CuNOx ................... 85	  
5.1.	   Introduction ......................................................................................................... 85	  
5.2.	   Results and Discussion ....................................................................................... 88	  
5.2.1.	   Synthesis and X-ray crystallography ........................................................... 89	  
5.2.2.	   Electron Paramagentic Resonance ............................................................... 94	  
5.2.3.	   Electrochemical Properties ........................................................................ 108	  
5.2.3.1.	   Reduction Potential of (TtzR1,R2)CuX Complexes ............................................ 111	  
5.2.3.2.	   Reduction Potential of (TtzR1,R2)CuX as a function of [HBF4]- ....................... 113	  
5.2.4.	   Measuring NO(g) from the Reactivity of (TtzR1,R2)CuNO2 with H+ ......... 124	  
5.2.4.1.	   Stoichiometric Reduction of Nitrite with (TtztBu,Me)Cu(I)NO2 ......................... 125	  
5.2.4.2.	   Stoichiometric Reduction of Nitrite with (TtziPr2)Cu(II)NO2 and 
(TtztBu,Me)Cu(II)NO2 ......................................................................................................... 131	  
5.2.4.3.	   Catalytic Reduction of Nitrite with (TtziPr2)Cu(II)NO2 .................................... 133	  
5.3.	   Conclusion ........................................................................................................ 135	  
5.4.	   Experimental ..................................................................................................... 137	  
  
v 
5.4.1.	   General Methods ........................................................................................ 137	  
5.4.2.	   Synthesis of [(TtziPr2)CuCl]2 (5-9) ............................................................. 137	  
5.4.3.	   Synthesis of (TtziPr2)CuNO2 (5-3) .............................................................. 138	  
5.4.4.	   Synthesis of (TtziPr2)CuNO3 (5-6) .............................................................. 138	  
5.4.5.	   Attempted Synthesis of [(TtziPr2)CuNO2] PPN+ ........................................ 139	  
5.4.6.	   Vibrational Spectroscopy ........................................................................... 139	  
5.4.7.	   Electron Paramagnetic Resonance ............................................................. 139	  
5.4.8.	   DFT Calculations ....................................................................................... 144	  
5.4.9.	   Construction of Silver Perchlorate Electrode ............................................ 148	  
5.4.10.	   General Sample Preparation for Cyclic Voltammetry ............................. 148	  
5.4.11.	   Reaction of [(TtztBu,Me)CuNO2]-[PPN]+ with Acetic Acid ....................... 152	  
5.4.12.	   Methods for Detecting NO(g) ................................................................... 152	  
5.4.13.	   Reaction of [(TtzR1,R2)Cu(II)NO2] Hn+ with Ascorbic Acid .................. 153	  
5.4.14.	   Control Experiment: PPNNO2 in the Presence of Acetic Acid ............... 153	  
5.4.15.	   Control Experiment:  NaNO2 in the Presence of Ascorbic Acid ............. 154	  
5.4.16.	   Control Experiment:  (TPP)Co in the Presence of Acid. ......................... 154	  
5.4.17.	   Control Experiment: (TPPC)CoNO Under Catalytic Conditions ............ 156	  
5.4.18.	   X-ray Crystallography ............................................................................. 157	  
Chapter 6 :	   Synthesis of (TtzR2,R2)Cu(I)NCCH3 as Catalysts for C-H Activation 160	  
6.1.	   Introduction ....................................................................................................... 160	  
6.2.	   Results and Discussion ..................................................................................... 168	  
6.2.1.	   C-H Activation of Cyclohexanes, Hexanes, and DMB ............................. 168	  
6.2.2.	   C-H Activation of THF .............................................................................. 172	  
6.3.	   Conclusion ........................................................................................................ 175	  
6.4.	   Experimental ..................................................................................................... 176	  
6.4.1.	   General Methods ........................................................................................ 176	  
6.4.2.	   C-H Activation Procedure .......................................................................... 176	  
6.4.3.	   C-H Activation Control Experiment .......................................................... 178	  
6.4.4.	   Removing Copper from GC-MS Sample ................................................... 178	  
6.4.5.	   Attempt at Synthesizing (TtzPh,Me)CuCO ................................................... 179	  
Chapter 7 :	   Zinc Chemistry with TtziPr2…………………………………………...180	  
7.1.	   Introduction ....................................................................................................... 180	  
7.2.	   Results and Discussion ..................................................................................... 186	  
7.2.1.	   Synthesis and X-ray Crystallography of Zinc Complexes ......................... 187	  
  
vi 
7.2.2.	   Attempts at Synthesizing (TtziPr2)ZnOH .................................................... 189	  
7.2.3.	   (TtziPr2Cu)2(u-OH)2 as a Model for Carbonic Anhydrase .......................... 195	  
7.3.	   Conclusion ........................................................................................................ 198	  
7.4.	   Experimental ..................................................................................................... 199	  
7.4.1.	   General Methods ........................................................................................ 199	  
7.4.2.	   Synthesis of (TtziPr2)ZnCl (7-1). ................................................................ 199	  
7.4.3.	   Synthesis of (TtziPr2)ZnEt (7-2). ................................................................ 200	  
7.4.4.	   Synthesis of (TtziPr2Cu)2(μ-OH)2 (7-3) .................................................... 200	  
7.4.5.	   Method 1 for forming TtziPr2ZnOH ............................................................ 201	  
7.4.6.	   Method 2 for forming TtziPr2ZnOH ............................................................ 201	  
7.4.7.	   Method 3 for forming TtziPr2ZnOH ............................................................ 201	  
7.4.8.	   Method 4 for forming TtziPr2ZnOH ............................................................ 202	  
7.4.9.	   X-ray Crystallography ............................................................................... 203	  
Chapter 8 :	   Other Transition Metal Complexes Supported by TtzR1,R2 ............... 204	  
8.1.	   Introduction ....................................................................................................... 204	  
8.2.	   Results and Discussion ..................................................................................... 207	  
8.2.1.	   Transition Metal Complexes of TtziPr,Me and TtziPr2 ................................... 208	  
8.2.2.	   Mo-complexes of TtzPh,Me .......................................................................... 213	  
8.3.	   Conclusion ........................................................................................................ 215	  
8.4.	   Experimental ..................................................................................................... 217	  
8.4.1.	   Recrystallization Attempts ......................................................................... 217	  
8.4.2.	   Synthesis of (TtziPr,Me)NiCl (8-1) ............................................................... 218	  
8.4.3.	   Synthesis of (TtziPr,Me)CuCl (8-2) .............................................................. 218	  
8.4.4.	   Synthesis of (TtziPr,Me)ZnCl (8-3) .............................................................. 218	  
8.4.5.	   Synthesis of (TtziPr,Me)ZnOAc (8-4) ........................................................... 219	  
8.4.6.	   Synthesis of (TtziPr2)CuOAc (8-5) ............................................................. 219	  
8.4.7.	   Synthesis of (TtziPr2)NiCl (8-6) .................................................................. 219	  
8.4.8.	   Synthesis of (TtzPh,Me)MoO2Cl (8-7)170 ..................................................... 219	  
8.4.9.	   Synthesis of (TtzPh,Me)MoCl2O (8-8)171 ..................................................... 220	  
8.4.10.	   X-ray Crystallography ............................................................................. 221	  
Chapter 9 :	   A “New-tral” Scorpionate Ligand ....................................................... 222	  
9.1.	   Introduction ....................................................................................................... 222	  
9.2.	   Results and Discussion ..................................................................................... 223	  
9.2.1.	   Synthesis of TtzmiPr2 and (TtzmiPr2)Cu(NO3)2 ........................................... 224	  
  
vii 
9.3.	   Conclusion ........................................................................................................ 229	  
9.4.	   Experimental ..................................................................................................... 230	  
9.4.1.	   General Methods ........................................................................................ 230	  
9.4.2.	   Synthesis of TtzmiPr2 .................................................................................. 230	  






List of Tables 
 
Table 3-1:  List of all ligands by name and number. ........................................................ 47	  
Table 3-2:  Bond lengths and angles corresponding to ligand 3-3. .................................. 52	  
Table 3-3:  Cyrstallographic data for ligand 3-3.  Experiments were carried out at 100 K  
with Mo Ka radiation using a Bruker AXS SMART APEX CCD diffractometer. Data 
collection used w scans. H-atom parameters were constrained. ....................................... 59	  
Table 4-1:  Observed vCO for several CuCO species. ........................................................ 62	  
Table 4-2:  List of Ttz complexes and protonated states by name and number. ............... 63	  
Table 4-3:  The observed vCO of TtztBu,MeCuCO in the presence of various acids (TFE = 
Trifluoroethanol). .............................................................................................................. 67	  
Table 4-4:  Important structural and spectroscopic parameters for the singlet ground states 
of [Cu(L)CO] complexes (L=TtztBu,Me). ........................................................................... 71	  
Table 4-5:  Comparison of experimental and theoretically calculated values for vCO ( cm-
1). ....................................................................................................................................... 72	  
Table 4-6:  Wavenumbers and halfwidths obtained from the self-consistent 
decomposition of CO stretch band profiles into Voigtian sub-bands (HWB = Haf-Width 
Band) ................................................................................................................................. 81	  
Table 5-1:  List of all complexes by name and number. ................................................... 88	  
Table 5-2:  Selected bond lengths (Å) and angles(o) for TtziPr2CuX complexes. ............. 91	  
Table 5-3: Percent contribution of the α (ΗΟΜΟ) and β  (LUΜΟ) SOMO’s for the 
different geometries of LCu(II)NO3 complexes. ............................................................ 104	  
Table 5-4:  Redox potentials of several Cu (I/II) species (q.r. =quasi-reversible, irr. = 
irreversible, N.R. = not reported). ................................................................................... 110	  
Table 5-5:  Reduction potentials for (TtzR1,R2)CuX.  The reduction potentials are 
measured against a AgClO4 reference electrode and the scan rate is 100 mV/s. ............ 113	  
Table 5-6:  Shift in reduction potential for (TtztBuMe)CuCl (5-7)  The reduction potentials 
are measured against a AgClO4 reference electrode and the scan rate is 100 mV/s. ...... 114	  
Table 5-7:  Shift in reduction for [(TtziPr2)CuCl]2 (5-9).  The reduction potentials are 




Table 5-8:  Shift in reduction potential for (TtziPr2)CuNO2 (5-3).  The reduction potentials 
are measured against AgClO4 reference electrode and the scan rate is 100 mV/s. ......... 118	  
Table 5-9:  Shift in reduction potential for (TtztBu,Me)CuNO2 (5-1).  The reduction 
potentials are measured against a AgClO4 reference electrode and the scan rate is 100 
mV/s. ............................................................................................................................... 120	  
Table 5-10:  Shift in reduction potential for (TtztBu,Me)CuCO.  The reduction potentials 
are measured against a AgClO4 reference electrode and the scan rate is 100 mV/s. ...... 122	  
Table 5-11:  Simulated EPR parameters for (TtztBu,Me)CuNO3 and (TtztBu,Me)CuNO2. .. 140	  
Table 5-12:  EPR parameters calculated for different structures of (TtztBu,Me)CuNO3 and 
(TptBu,Me)CuNO3 (trigonal-bipyramidal) and (TtziPr2)CuNO3 and (TpiPr2)CuNO3 (square-
pyramidal). BP86/TZVP and B3LYP/TZVP were used to compare the results between 
the two functionals. ......................................................................................................... 146	  
Table 5-13: Geometric parameters of (TtztBu,Me)CuNO3, (TptBu,Me)CuNO3, and 
(TpiPr2)CuNO2 as taken from the crystal structures along with the optimized structures.
......................................................................................................................................... 147	  
Table 5-14: Crystallographic data for complexes 5-1, 5-2, and 5-5.  Experiments were 
carried out at 100 K  with Mo Ka radiation using a Bruker AXS SMART APEX CCD 
diffractometer. Data collection used ω scans. H-atom parameters were constrained. .. 158	  
Table 5-15: Experiments were carried out at 100 K  with Mo Ka radiation using a Bruker 
AXS SMART APEX CCD diffractometer. Data collection used w scans. H-atom 
parameters were constrained. .......................................................................................... 159	  
Table 6-1:  Selected BDE’s for various types of C-H bonds. ......................................... 161	  
Table 6-2:  % Product conversion of cyclohexanes catalyzed by (TpR1,R2)NCMe and vCO 
stretches for corresponding TpR1,R2CuCO complexes. ................................................... 165	  
Table 6-3:  Product conversion of cyclohexanes, hexanes, 2,3-DMB, and THF by 
complexes 6-1  and 6-2. .................................................................................................. 173	  
Table 6-4:  TON values of complexes 6-1  and 6-2. ....................................................... 174	  
Table 6-5:  Results from solid phase extraction test (SPE). ........................................... 179	  
Table 7-1:  List of complexes by name and number. ...................................................... 187	  
Table 7-2:  Bond lengths and bond angles for 7-1. ......................................................... 188	  
Table 7-3:  Corresponding bond lengths and angles for (TtziPr2Cu)2(OH)2. ................... 196	  
  
x 
Table 7-4:  Crystallographic data for complexes 7-1 and 7-3.  Experiments were carried 
out at 100 K with Mo Ka radiation using a Bruker AXS SMART APEX CCD 
diffractometer. Data collection used w scans. H-atom parameters were constrained. ... 203	  
Table 8-1:  List of all complexes by name and number. ................................................. 207	  
Table 8-2:  Bond lengths and angles corresponding to (BtziPr2)2Cu. .............................. 212	  
Table 8-3:  Crystallography data for (BtziPr2)2Cu and HtzPh,Me.  Experiments were carried 
out at 100 K  with Mo Ka radiation using a Bruker AXS SMART APEX CCD 
diffractometer. Data collection used w scans. H-atom parameters were constrained. ... 221	  




List of Figures 
 
Figure 1-1:  The structure of the plant burr inspired the design for VelcroTM.  SEM image 
of a plant burr is shown on the left and two representations of Velcro are shown on the 
right.3 ................................................................................................................................... 1	  
Figure 1-2: The conversion of lanosterol to cholesterol is an example of “remote 
oxidation” facilitated by Cyt p450. ..................................................................................... 3	  
Figure 1-3:  Crystal structure of the plant catechol oxidase used to illustrate the 
hydrophobic pocket around the hydrophilic active-site.10 .................................................. 3	  
Figure 1-4:  (a) Oxygen binding in myoglobin and (b) product from the reaction of  
[FeIIH2buea]2- with an oxygen atom transfer (OAT) agent.12 ............................................. 4	  
Figure 1-5:  An illustration of the available binding modes in (a) Ttz and (b) Tp. ............ 6	  
Figure 1-6:  (a) Ttz ligand showing endodentate and exodentate coordination and (b) 
illustration of the homoleptic, bis ligand complexes of the Ttz ligand. .............................. 7	  
Figure 1-7:  Picture showing the location of electron density and charge on N2 and N4 of 
triazolyl within TtzH,H.  Schematic drawing is similar in content to figure in reference 19. 8	  
Figure 1-8:  An equilibrium between exodentate and endodentate coordination modes 
controls the recrystallization product obtained.  Reproduced from reference 22. ............. 10	  
Figure 1-9:  This shows the coordination environments around the coppers in the 3D 
coordination polymer, [[Cu2(η4-Ttz)(μ-OH)2]Cl•6H2O]n (modified from reference 24).
........................................................................................................................................... 11	  
Figure 1-10:  The isomorphous structures M(Ttz)2 where M = Fe, Co both show 2D water 
layers between metal complex layers.  The left hand section is reproduced from 
reference19 and modified.  The right hand section is a schematic diagram showing 
hydrogen bonds. ................................................................................................................ 12	  
Figure 1-11:  (a) The mononuclear complex, (TtzH,H)Cu(p-tolyl3P).  (b) The coordination 
polymer formed from (TtzH,H)Cu(Ar3P)2 where Ar = m-tolyl.  For both (a) and (b): crystal 
structure is on left, and schematic drawing is on right, with Cu in green, P in orange, N in 
blue, B in pink and C in black, hydrogens omitted for clarity. ......................................... 13	  
Figure 1-12:  LMo(CO)2(S,S) complexes, where S,S is dithiocarbamate and L is TtzH,H 
(left) and TpH,H (right). ...................................................................................................... 14	  
Figure 1-13:  (a) A truncated structure of the coordination polymer of (Ttz)Pb(NO3)(H2O) 
that slowly adds water to form (b) (Ttz)2Pb•2H2O.  In diagram (a), a vacant coordination 
site is occupied by a stereochemically active lone pair. ................................................... 15	  
Figure 1-14:  Selected molybdenoenzyme active sites and the MPT cofactor. ................ 17	  
  
xii 
Figure 1-15:  Catalytic cycle for enzymatic sulfite oxidation.  Here, [Mo] represents the 
Mo complex in sulfite oxidase with dithiolene and cysteinate ligands ([Mo]VI(=O)2, top, 
is as in Figure 1-14a). ...................................................................................................... 17	  
Figure 1-16:  The species [TtzMe,MeMoVO2SPh]- [Cp2Co]+, in which the Mo complex is an 
anion radical.43  N=N represents the third triazole ring. ................................................... 19	  
Figure 1-17:  a) (TtzPh,Me)ZnX. b) (TtzPh,Me)ZnEt crystal structure, with hydrogen atoms 
omitted for clarity, color code: B = pink, C = black, N = blue, Zn = magenta. c) 
(TtzPh,Me)2M complexes. ................................................................................................... 20	  
Figure 1-18:  (TtzPh,Me)2Cu (a), and its rearranged isomer, (TtzPh,Me*)2Cu (b) as schematic 
drawing and crystal structure (entire structure and coordination sphere).  Cu shown in 
red, rearranged complex Cu in green, N in blue, B in pink and C in black, and hydrogens 
were omitted for clarity. .................................................................................................... 21	  
Figure 1-19:  Simplified view of the 1D coordination polymer, [(TtzPh,Me)Zn(OC6H4-p-
NO2)]n, is shown on the top.  The polymer is disrupted in the presence of moisture, and 
(TtzPh,Me)Zn(OH2)(OC6H4-p-NO2) forms, shown on the bottom.  This complex has H 
bonds between the Zn bound water and neighboring exodentate triazole N’s; it also has 
an unusual coordination mode around the zinc ion. ......................................................... 22	  
Figure 1-20:  Two views of (TtztBu,Me)ZnOAc (a and b) and (TptBu,Me)ZnOAc (c).  Zn in 
magenta, O in red, N in blue, B in pink, C in black and hydrogens omitted for clarity. .. 24	  
Figure 1-21:  The ligand rearrangement occurs to form (TtztBu,Me*)ZnSPh. Zn in magenta, 
Cu in green, S in orange, N in blue, B in pink and C in black, most hydrogens omitted for 
clarity. ............................................................................................................................... 25	  
Figure 1-22:  Proposed mechanism of protonolysis of LZnEt (L = TtztBu,Me, TptBu,Me) with 
p-nitrophenol in toluene.  The rate does not depend on the concentration of acid, but is 
first order in LZnEt.46 ....................................................................................................... 25	  
Figure 1-23:  Hydrogen bonding interactions in a) (TtztBu,Me)Zn(ethyl)•H2O and b) 
H(TtztBu,Me) •H2O•CH2Cl2, with CH2Cl2 omitted for clarity.  In the latter structure there 
are hydrogen bonds to each exodentate triazole N, although only one is shown. ............ 26	  
Figure 3-1:  Illustration of (a) Ttz and (b) Tp. .................................................................. 45	  
Figure 3-2:  Series of TtzR1,R2 developed by Papish et al, in order by steric bulk. ........... 47	  
Figure 3-3:  Proposed regioisomers formed from a boratropic rearrangement that occurs 
during the synthesis. .......................................................................................................... 49	  
Figure 3-4:  Ortep diagram of ligand 3-3 dimer with hydrogens omitted for clarity (K 
=purple, O = red, N= blue, B= pink, C= grey). ................................................................ 51	  
Figure 4-1:  Binding modes of (a) Ttz and (b) Tp. ........................................................... 60	  
  
xiii 
Figure 4-2:  General structure of (TtzR1,R2)CuCO. ............................................................ 61	  
Figure 4-3:  Illustration of backbonding from Cu(I) to CO. ............................................. 62	  
Figure 4-4:  Illustration of the proposed protonated states of (TtzR1,R2)CuCO formed after 
adding 3 equivalents of acid.  The species with 3H+ was not observed experimentally. . 65	  
Figure 4-5:  (a)  DFT model of [TtztBu,MeCuCO]H2O (N = blue, Cu= orange, O =red, B= 
pink, C/H = grey). (b) ortep diagram of [TtztBu,MeCuCO]H2O, hydrogens on Ttz are 
omitted for clarity (N= blue, Cu= green, O= red, B= pink, C = black). ........................... 66	  
Figure 4-6:  (a) The stacked plot shows the change of peak position and profile of the 
band assigned to the CO stretching vibration of complex 4-1 with increasing equivalents 
of HBF4  Et2O.  (b) Fractional intensities of Voigtian vCO sub-bands plotted as a function 
of HBF4  Et2O equivalents.  The sub-bands were obtained from a self-consistent global 
spectral decomposition of all profiles as described in section 4.3.3. ................................ 68	  
Figure 4-7:  Illustration of the four protonated species observed experimentally.  Further 
evidence comes from DFT calculations. ........................................................................... 69	  
Figure 4-8:  Optimized structure of the singlet state of [TtztBu,MeCuCO]2H+ (4-1a). ....... 70	  
Figure 4-9:  Optimized structure of the singlet state of [(TtztBu,Me)CuCO]H+ (4-1b). ...... 73	  
Figure 4-10:  Optimized structure of the singlet state of [(TtztBu,Me)CuCO]H2+ (4-1d). .. 74	  
Figure 4-11:  Alternative structures of the mono-protonated species, including: (a) 
protonation of the Cu-bound nitrogen of the triazolyl ligand, leading to a broken Cu-N 
bond, and (b) protonation of the borate atom, leading to a broken B-N bond of the 
triazolyl ligand; (c) protonation of the N4 nitrogen atoms of all three triazolyl rings, All 
structures were calculated at the BP86/TZVP level of theory. ......................................... 75	  
Figure 4-12: The plot shows the change of peak position and profile of the band assigned 
to the CO stretching vibration of complex 4-2 with increasing equivalents of HBF4  
Et2O (legend in top right shows color code for how many equivalents of H+ have been 
added).  The spectra are unchanged between 2 and 3 equiv. of H+(red = 0 equiv, dark 
orange = 0.5 equiv, orange = 1.0 equiv, yellow= 1.5 equiv, green = 2.0 equiv). ............. 77	  
Figure 4-13:  An examples of the decomposition of the CO band for (TtztBu,Me)CuCO in 
the presence of 0.5 equivalents of HBF4  Et2O.  The Voigtian sub-bands and their 
corresponding half-width band (HWB) were held constant throughout. .......................... 81	  
Figure 5-1:  Illustration of the resting state of the Type-2 copper center in CuNiR. ........ 86	  
Figure 5-2:  The key steps in enzymatic nitrite reduction by CuNiR. .............................. 87	  
Figure 5-3:  Illustration of neutral donor ligands used for CuNiR modeling. .................. 87	  
  
xiv 
Figure 5-4:  Ortep diagrams of  (a) TtztBu,MeCuNO2 (5-1) and (b) TptBu,MeCuNO2 (5-2).  
Hydrogen atoms are omitted for clarity. ........................................................................... 90	  
Figure 5-5:  Ortep digram of TtziPr2CuNO2 (5-3).  Hydrogens are omitted for clarity. .... 90	  
Figure 5-6:  Ortep digram of (a) TtztBu,MeCuNO3 (5-5) and (b)TtziPr2CuNO3 (5-6).  
Hydrogens are omitted for clarity. .................................................................................... 93	  
Figure 5-7:  Ortep diagram of complex 5-9, where most hydrogen atoms are omitted for 
clarity. ............................................................................................................................... 94	  
Figure 5-8:  EPR spectrum of (TtztBu,Me)Cu(κ2-NO3) (5-5) recorded at 77K in frozen 
CH2Cl2 (red) and fit of the spectrum (green).  Fit parameters: gz = 2.3, gy = 2.0855, gx = 
2.0444; Hyperfine: CuAz = 343 MHz, CuAy = 80MHz, CuAx = 116 MHz.  Superhyperfine 
coupling constants: NAz = 25 MHz, NAy = 37 MHz, NAx = 46 MHz.  Inset shows that the 
fit without the N coupling (blue) is unsatisfactory. .......................................................... 95	  
Figure 5-9:  EPR spectrum of (TtztBu,Me)Cu(κ2-NO3) (5-5) recorded at 77 K in solid form 
(red) and fit to the spectrum using the program SpinCount (green).1 Fit parameters: gz = 
2.03, gy = 2.2, gx = 2.24 with no observable hyperfine splitting. ..................................... 96	  
Figure 5-10:  EPR spectrum of (TtztBu,Me)Cu(κ2-NO2) (5-1) recorded at 77 K in frozen 
methylene chloride (red) and fit to the spectrum using the program SpinCount (green).1 
Fit parameters: gz = 2.28, gy = 2.072, gx = 2.069; Hyperfine: CuAz = 100 MHz, CuAy = 116 
MHz, CuAx = 52 MHz.  The fit requires the presence of three equivalent nitrogen atoms 
each with I = 1.  Coupling constants: NAz = 25 MHz, NAy = 38 MHz, NAx = 25 MHz. ... 98	  
Figure 5-11:  EPR spectrum of (TtztBu,Me)Cu(κ2-NO2) (5-1) recorded at 77 K in solid 
form (red) and fit to the spectrum using the program SpinCount (green).1 Fit parameters: 
gz = 2.0, gy = 2.22, gx = 2.26 with no observable hyperfine splitting. .............................. 99	  
Figure 5-12:  EPR spectrum of (TtziPr2)Cu(k2-NO2) (5-3) recorded at 77 K in solid form 
(red) and fit to the spectrum using the program SpinCount (green).1 Fit parameters: gz = 
2.91, gy = 2.08, gx = 2.08.  With no observable hyperfine splitting. ............................... 101	  
Figure 5-13: EPR spectrum of (TtziPr2)Cu(k2-NO3) (5-6) recorded at 77 K in frozen 
methylene chloride (red) and fit to the spectrum using the program SpinCount (green).1 
Fit parameters: gz = 2.33, gy = 2.08, gx = 2.08; Hyperfine: CuAz = 468 MHz, CuAy = 60 
MHz, CuAx = 60 MHz.  There is no N-shf splitting observed in this compound.. .......... 102	  
Figure 5-14:  EPR spectrum of TtztBu,MeCu-Cl recorded at 77 K in frozen 
dichloromethane (red) and fit to the spectrum using the program SpinCount (green).1 Fit 
parameters: gz = 2.367, gy = 2.194, gx = 2.022; Hyperfine: CuAz = 46 MHz, CuAy = 57 
MHz, CuAx = 63 MHz. .................................................................................................... 106	  
Figure 5-16:  Cyclic voltamogram of (TtztBuMe)CuCl in methylene chloride under neutral 
and acidic conditions (legend on right shows the color code corresponding to equivalent 
  
xv 
of HBF4  Et2O).  The reduction potentials are measured against a AgClO4 reference 
electrode and the scan rate is 100 mV/s. ......................................................................... 114	  
Figure 5-17: Cyclic voltamogram of [(TtziPr2)CuCl]2 in methylene chloride under neutral 
and acidic conditions (legend on right shows the color code corresponding to equivalent 
of HBF4  Et2O).  The reduction potentials are measured against a AgClO4 reference 
electrode and the scan rate is 100 mV/s. ......................................................................... 116	  
Figure 5-18:  Cyclic voltammogram of (TtziPr2)CuNO2 in methylene chloride under 
neutral and acidic conditions (legend on right shows the color code corresponding to 
equivalent of HBF4  Et2O).  The reduction potentials are measured against a AgClO4 
reference electrode and the scan rate is 100 mV/s. ......................................................... 119	  
Figure 5-19: Cyclic voltammogram of (TtziPr2)CuNO2 in methylene chloride under 
neutral and acidic conditions (legend on right shows the color code corresponding to 
equivalent of HBF4  Et2O).  The reduction potentials are measured against a AgClO4 
reference electrode and the scan rate is 100 mV/s. ......................................................... 119	  
Figure 5-20:  Cyclic voltammogram of (TtztBu,Me)CuNO2 in methylene chloride under 
neutral and acidic conditions (legend on right shows the color code corresponding to 
equivalent of HBF4  Et2O).  The reduction potentials are measured against a AgClO4 
reference electrode and the scan rate is 100 mV/s. ......................................................... 121	  
Figure 5-21:  CV voltamogram of (TtztBu,Me)CuCO under neutral and acidic conditions.
......................................................................................................................................... 123	  
Figure 5-22:  Illustration of (TPP)Co. ............................................................................. 125	  
Figure 5-23:  IR spectra of labeled [(TtztBu,Me)Cu15NO2]-PPN+ in black (top) and 
unlabeled [(TtztBu,Me)CuNO2]-PPN+ in red (bottom).  A peak shift from 1078 cm-1 to 1060 
cm-1 is observed on labeling. .......................................................................................... 127	  
Figure 5-24:  Thermal ellipsoid of TtztBu,MeCuOAc (5-10). ........................................... 129	  
Figure 5-25:  UV-Vis detection of NO(g) formation in the experiment with 4 equiv. HOAc 
: 1 equiv. of complex 5-4. (TPP)Co was equimolar to 5-4, but in a separate vessel. Purple 
= (TPP)Co prior to reaction, blue = final spectrum, red = Gaussian fit of the Q band of 
(TPP)CoNO, yellow = Gaussian fit of the Q band of (TPP)Co, orange = resulting total 
Gaussian fit of the blue spectrum. The fit indicates a 1:13 ratio of (TPP)Co to 
(TPP)CoNO and 93% formation of NO from complex 5-4. ........................................... 130	  
Figure 5-26:  UV-Vis spectra of (TPP)Co solution after (TtziPr2)CuNO2 (5-3) was allowed 
to stoichiometrically react with ascorbic acid.  Blue line: without HBF4, in a 2 pot 
reaction vessel where the (TPP)Co solution is kept separate from the 5-3 solution, Red 
line:  without HBF4, in a 1 pot reaction vessel where the (TPP)Co solution is mixed with 
the 5-3 solution, Green Line:  with 2 equiv. of HBF4, in a 2 pot vessel where the (TPP)Co 
solution is kept separate from the 5-3 solution, Purple Line:  with 2 equiv. of HBF4, in a 2 
pot reaction vessel where the (TPP)Co solution is mixed with the 5-3 solution. ........... 132	  
  
xvi 
Figure 5-27:  UV-Vis spectra of (TPP)Co solution after (TtztBu,Me)CuNO2 (5-1)was 
allowed to stoichiometrically react with ascorbic acid.  Dark blue line:  (TPP)Co in 
methylene chloride, Red line:  with 2 equiv. of HBF4 in a 1 pot reaction vessel where the 
(TPP)Co solution is mixed with the (TtztBu,Me)CuNO2 solution. .................................... 133	  
Figure 5-28:  UV-Vis spectra of (TPP)Co solution after (TtziPr2)CuNO2 was allowed to 
catalytically react with ascorbic acid at 25oC.  Total time of reaction was 240 s. .......... 134	  
Figure 5-29:  Time-dependent plot of the decay of (TPP)CoNO ................................... 135	  
Figure 5-30:  EPR spectrum of TtztBu,MeCu(κ2-OAc) recorded at 77 K in frozen 
dichloromethane (red) and fit to the spectrum using the program SpinCount (green).1 Fit 
parameters: gz = 2.3, gy = 2.0825, gx = 2.0614; Hyperfine: CuAz = 450 MHz, CuAy = 70 
MHz, CuAx = 115 MHz. The fit requires the presence of three equivalent nitrogen atoms 
each with I = 1.  Coupling constants: NAz = 25 MHz, NAy = 38 MHz, NAx = 39 MHz. . 141	  
Figure 5-31:  EPR spectrum of (TtztBu,Me)CuOAc recorded at 77 K in solid form (red) and 
fit to the spectrum using the program SpinCount (green).1 Fit parameters: gz = 2.42, gy = 
2.075, gx = 2.04 with no observable hyperfine splitting. ................................................ 142	  
Figure 5-33:  Contour plot of the SOMO of (TtztBu,Me)CuNO3 (5-5) using BP86/TZVP. 
The geometry of (5-5) was taken from the crystal structure. The SOMO of (5-5) has a 
ground state of dz2 where the z axis is along the O2-Cu bond. Right: Contour plot of the 
SOMO of (TptBu,Me)CuNO3 using BP86/TZVP.  The geometry of (TptBu,Me)CuNO3 was 
obtained by changing the Nc atom from (5-5) to a C-H group.  This was done in order to 
directly compare the SOMO of (5-5) to (TptBu,Me)CuNO3.  The SOMO of 
(TptBu,Me)CuNO3 has a ground state of dz2 where the z axis is along the O2-Cu bond. .. 145	  
Figure 5-34:  Cyclical voltammogram of (TtztBu,Me)Cu(II)NO2 where the measured Epc is 
-1.45 V vs. APE.  The calculated ipc/ipa is 11, which confirms the irreversible nature of 
the redox process.  The return oxidation peak corresponds to a different species in 
solution resulting from the degradation of the reduced species. ..................................... 149	  
Figure 5-35:  The reduction potential as a function of scan rate for (TtztBu,Me)Cu(II)NO2.  
As the scan rate increases, the reduction potential shifts more cathodically, this is 
characteristic of an irreversible electrochemical process. ............................................... 150	  
Figure 5-36:  Linear sweep poloragram of (TtztBu,Me)Cu(II)NO2 where the measured Epc is 
-1.45 V vs. APE. ............................................................................................................. 150	  
Figure 5-37:  CV voltammogram of PPNNO2. ............................................................... 151	  
Figure 5-38:  (TPP)Co in the presence of ascorbic acid and HBF4. ............................... 155	  
Figure 5-39:  (TPP)Co in the presence of (TtziPr2)CuNO2. ............................................. 156	  
Figure 5-40:  UV-Vis of (TPP)CoNO under catalytic conditions. ................................. 157	  
  
xvii 
Figure 6-1:  Illustration of the metal-mediated activation of C-H bonds.82 .................... 162	  
Figure 6-2:  Illustration of the new method for catalytic C-H activation. ...................... 163	  
Figure 6-3:  Illustration of the orbitals involved in C-H activation with a metallocarbene.
......................................................................................................................................... 163	  
Figure 6-4:  General illustration of the (TpR1,R2)Cu(I)L complexes developed by Perez et 
al, L = NCMe. ................................................................................................................. 165	  
Figure 6-5: Illustrations of ( a) [Na(TtzCF3,CF3)2]-, (b) (TtzCF3,CF3)CuICO , (c) 
(TtzCF3,CF3)AgI(η2-CH2CH2). ......................................................................................... 166	  
Figure 7-1:  Illustration of the active site of carbonic anhydrase.  The zinc-bound water 
groups are acidic and the proton is lost during the catalytic cycle.6, 7 ............................ 180	  
Figure 7-2:  An illustration of the active site of Pseudomonas diminuta, PTE.3, 5 The 
atoms in blue represent the donor atoms from the amino acids and the atoms in red 
represent the donor atoms from a hydroxyl group and water. ........................................ 180	  
Figure 7-3:  Products of the reactions shown in Scheme 1 with L = TtztBu,Me, a) 
(TtztBu,Me)NaOH2 b) [NMe4]TtztBu,Me with solvent molecules omitted. .......................... 182	  
Figure 7-4:  Crystal Structure of (TtztBu,Me)ZnOH, thermal ellipsoids (left) and space-
filling (right).  Zn in purple, O in red, N in blue, B in pink and C in black and the 
hydroxyl hydrogen is shown in white. ............................................................................ 185	  
Figure 7-5:  Ortep diagram of (TtziPr2)ZnCl (7-1), hydrogen atoms are omitted for clarity.  
Atom labels are as follows:  zinc = magenta, chlorine = yellow, nitrogen = blue, and 
carbon = black. ................................................................................................................ 188	  
Figure 7-6:  Illustration of [(TpiPr2)]2Zn(μ-η1-η2-OCO2), adapted from image in Ref 
74..................................................................................................................................... 193	  
Figure 7-7:  Illustration of [(TptBu,Me)]2Zn(μ-η1-η2-OCO2), adapted from image in Ref 
74..................................................................................................................................... 193	  
Figure 7-8:  Ortep diagram of complex 7-3, hydrogen atoms are omitted for clarity. ... 196	  
Figure 8-1:  Illustration of (a) TtziPr,Me and (b) TtziPr2. .................................................... 205	  
Figure 8-2:  Rearrangement of TpiPr, Me when bound to a divalent metal, L= anionic or 
neutral ligand, depending on charge balance. ................................................................. 205	  
Figure 8-3:  General illustration of a Mo-containing enzyme, sulfite oxidase. .............. 206	  
Figure 8-4:  Coordination polymer of [(TtziPr,Me)ZnOAc]n that formed. ........................ 209	  
  
xviii 
Figure 8-5:  Ortep diagram of (BtziPr2)2Cu, hydrogens are omitted for clarity.  Copper= 
orange, nitrogen = blue, carbon = grey, and boron= pink. ............................................. 212	  
Figure 8-6:  Illustration of (TtzPh,Me)MoO2Cl, where one triazolyl ring is cis with Cl- and 
the one triazole ring is trans with Cl-. ............................................................................. 213	  
Figure 8-7:  (a) General illustration of (TtzPh,Me)MoO(dt), where dt=  dithiolate ligand.  
(b) General illustration of a Mo-containing enzyme, sulfite oxidase.  Similar 
(TpR1,R2)MoO(dt) complexes are used to model this enzyme. ........................................ 217	  
Figure 9-1:  General illustration of (a) Ttz and (b) Ttzm. ............................................... 222	  
Figure 9-2:  Illustration of the new scorpionate ligand, TtzmiPr2. ................................... 224	  
Figure 9-3:  Ortep diagram of the modulated crystal structure of (TtzmiPr2)Cu(NO3)2, 
where hydrogen atoms are omitted for clarity.  Color scheme is as follows: copper = 
orange, oxygen= red, nitrogen = pale blue, carbon = grey. ............................................ 226	  
Figure 10-1:  1H-NMR of KTtziPr,Me (3-1) in d1-CDCl3. ................................................. 244	  
Figure 10-2:  1H-NMR of KTtziPr,Me (3-1) in d6-DMSO.  ............................................... 245	  
Figure 10-3:  CI-MS of KTtziPr,Me (3-1). ......................................................................... 246	  
Figure 10-4:  IR of KTtziPr,Me (3-1). ................................................................................ 247	  
Figure 10-5:  1H-NMR of TlTtziPr,Me (3-2) in d6-DMSO. ............................................... 248	  
Figure 10-6:  IR of TlTtziPr,Me (3-2). ............................................................................... 249	  
Figure 10-7:  CI-MS of TlTtziPr,Me (3-2). ........................................................................ 250	  
Figure 10-8:  1H-NMR of KTtziPr2 (3-3) in d1-CDCl3. .................................................... 251	  
Figure 10-9:  1H-NMR of KTtziPr2 (3-3) in d1-CDCl3, continued. .................................. 252	  
Figure 10-10:  13C-NMR of KTtziPr2 (3-3) in d1-CDCl3. ................................................ 253	  
Figure 10-11:  13C-NMR of KTtziPr2 (3-3) in d1-CDCl3, continued. ............................... 254	  
Figure 10-12: CI-MS of KTtziPr2 (3-3). ........................................................................... 255	  
Figure 10-13:  Solid-state ATIR of KTtziPr2 (3-3). ......................................................... 256	  
Figure 10-14:  1H-NMR of NaTtziPr2 (3-5) in CDCl3. .................................................... 257	  
Figure 10-15:  1H-NMR of NaTtziPr2 (3-5) in CDCl3, continued. ................................... 258	  
Figure 10-16:  13C-NMR of NaTtziPr2 (3-5) in CDCl3. ................................................... 259	  
  
xix 
Figure 10-17:  CI-MS of NaTtziPr2 (3-5). ........................................................................ 260	  
Figure 10-18:  CI-MS of NaTtziPr2 (3-5), continued.  Predicted isotope pattern matches 
experimental. ................................................................................................................... 261	  
Figure 10-19:  Solid-state ATIR of NaTtziPr2 (3-5). ....................................................... 262	  
Figure 10-20:  1H-NMR of TlTtziPr2 (3-6) in CDCl3 ....................................................... 263	  
Figure 10-21:  CI-MS of TlTtziPr2 (3-6). ......................................................................... 264	  
Figure 10-22:  :  CI-MS of TlTtziPr2 (3-6), continued. .................................................... 265	  
Figure 10-23:  IR of TlTtziPr2 (3-6). ................................................................................ 265	  
Figure 10-24:  1H-NMR of TtziPr2CuCO (4-2). ............................................................... 266	  
Figure 10-25:  1H-NMR of TtziPr2CuCO (4-2), continued. ............................................. 267	  
Figure 10-26:  13C-NMR of TtziPr2CuCO. ...................................................................... 268	  
Figure 10-27:  IR of TtziPr2CuCO (4-2). ......................................................................... 269	  
Figure 10-28:  CI-MS of TtziPr2CuCO (4-2). .................................................................. 269	  
Figure 10-29:  CI-MS of TtziPr2CuCO (4-2). .................................................................. 270	  
Figure 10-30:  IR of TptBu,MeCuCO in CH2Cl under neutral and acidic conditions. ....... 270	  
Figure 10-31:  TtztBu,MeCuCO in the presence of formic acid, HCl, and p-NO2-phenol. 271	  
Figure 10-32:  CI-MS of (TtziPr2CuCl)2 (5-9). ................................................................ 272	  
Figure 10-33:  CI-MS of (TtziPr2CuCl)2 (5-9), continued. .............................................. 273	  
Figure 10-34:  IR spectrum of (TtziPr2CuCl)2 (5-9). ....................................................... 273	  
Figure 10-35:  UV-Vis spectrum of (TtziPr2CuCl)2 (5-9). ............................................... 274	  
Figure 10-36:  Beer’s Law plot of the λmax corresponding to (TtziPr2CuCl)2 (5-9). ... 274	  
Figure 10-37:  CI-MS of TtziPr2CuNO2 (5-3). ................................................................. 275	  
Figure 10-38:  -Solid-state ATIR spectrum of TtziPr2CuNO2 (5-3). ............................... 276	  
Figure 10-39:  UV-vis spectrum of TtziPr2CuNO2 (5-3). ................................................ 276	  
Figure 10-40:  Beer’s Law plot of the λmax corresponding to of TtziPr2CuNO2 (5-3). 277	  
  
xx 
Figure 10-41:  CI-MS of TtziPr2CuNO3 (5-6). ................................................................. 278	  
Figure 10-42:  CI-MS of TtziPr2CuNO3 (5-6), continued. ............................................... 279	  
Figure 10-43:  UV-Vis spectrum of TtziPr2CuNO3 (5-6). ................................................ 279	  
Figure 10-44:  Beer’s Law plot of the λmax corresponding to of TtziPr2CuNO3 (5-6). 280	  
Figure 10-45:1H-NMR of (TtziPr2)Cu(II)NO2 and PPNNO2formed from the attempted 
synthesis of (TtziPr2)Cu(I)NO2. ....................................................................................... 280	  
Figure 10-46:  C-H activation of  cyclohexanes with (TtztBu,Me)CuNCCH3 (6-1). ........ 281	  
Figure 10-47:  C-H activation of  cyclohexanes with (TtztBu,Me)CuNCCH3 (6-1). ........ 282	  
Figure 10-48:  C-H activation of  cyclohexanes with (TtztBu,Me)CuNCCH3  H+ (6-1   
H+). .................................................................................................................................. 283	  
Figure 10-49:  C-H activation of  cyclohexanes with (TtztBu,Me)CuNCCH3  H+ (6-1   
H+). .................................................................................................................................. 284	  
Figure 10-50:  C-H activation of  THF with (TtztBu,Me)CuNCCH3 (6-1). ...................... 285	  
Figure 10-51:  C-H activation of  THF with (TtztBu,Me)CuNCCH3  H+ (6-1   H+). ...... 286	  
Figure 10-52:  Control experiment, C-H activation of cyclohexanes with no copper 
presenct.  H+ was present. ............................................................................................... 287	  
Figure 10-53:  Control experiment, C-H activation of cyclohexanes with no copper 
presenct.  H+ was present. ............................................................................................... 288	  
Figure 10-54:  Control experiment, C-H activation of cyclohexanes with no copper 
presenct.  H+ was present. ............................................................................................... 289	  
Figure 10-55:GC-MS of 2,4-dimethylbutane. ................................................................ 290	  
Figure 10-56:  GC-MS of hexanes. ................................................................................. 291	  
Figure 10-57:  1H-NMR of TtziPr2ZnCl (7-1) in CDCl3. ................................................. 292	  
Figure 10-58:  1H-NMR of TtziPr2ZnCl (7-1) in CDCl3, continued. ............................... 293	  
Figure 10-59:  1H-NMR of TtziPr2ZnCl (7-1) in CDCl3, continued. ............................... 294	  
Figure 10-60:  13C-NMR of TtziPr2ZnCl (7-1) in CDCl3. ................................................ 295	  
Figure 10-61:  13C-NMR of TtziPr2ZnCl (7-1) in CDCl3, continued. .............................. 296	  
Figure 10-62:  Solid-state ATIR spectrum of TtziPr2ZnCl (7-1). .................................... 297	  
  
xxi 
Figure 10-63:  1H-NMR of TtziPr2ZnCH2CH3 (7-2) in CDCl3. ....................................... 298	  
Figure 10-64:  1H-NMR of TtziPr2ZnCH2CH3 (7-2) in CDCl3, continued. ..................... 299	  
Figure 10-65: CI-MS of TtziPr2ZnCH2CH3 (7-2) in CDCl3, continued. .......................... 300	  
Figure 10-66:  CI-MS of TtziPr2ZnCH2CH3 (7-2) in CDCl3, continued. ......................... 301	  
Figure 10-67:  AT-IR of TtziPr2ZnCH2CH3. .................................................................... 301	  
Figure 10-68:  CI-MS of product from hydrolysis of TtziPr2ZnCl using Method 1.  CI-MS 
shows that the product is TtziPr2ZnCl. ............................................................................. 302	  
Figure 10-69:  CI-MS of product from hydrolysis of TtziPr2ZnCl using Method 1.  CI-MS 
shows that the product is TtziPr2ZnCl. ............................................................................. 303	  
Figure 10-70:  1H-NMR spectrum of product from hydrolysis of TtziPr2ZnCl using 
Method 1.  1H-NMR shows that the product is TtziPr2ZnCl and NaTtzPr2. ..................... 303	  
Figure 10-71:  1H-NMR spectrum of product from hydrolysis of TtziPr2ZnCl using 
Method 1.  1H-NMR shows that the product is TtziPr2ZnCl and NaTtzPr2. ..................... 304	  
Figure 10-72:  1H-NMR spectrum of product from hydrolysis of TtziPr2ZnCl using 
Method 1.  1H-NMR shows that the product is TtziPr2ZnCl and NaTtzPr2. ..................... 305	  
Figure 10-73:  IR spectrum of product from the hydrolysis of TtziPr2ZnCl using Method 1.
......................................................................................................................................... 306	  
Figure 10-74:  1H-NMR spectrum of product from attempted synthesis of TtziPr2ZnOH 
using Method 3. .............................................................................................................. 307	  
Figure 10-75:  1H-NMR spectrum of product from attempted synthesis of TtziPr2ZnOH 
using Method 3. .............................................................................................................. 308	  
Figure 10-76:  CI-MS spectrum of product from attempted synthesis of TtziPr2ZnOH 
using Method 3. .............................................................................................................. 309	  
Figure 10-77: CI-MS spectrum of product from attempted synthesis of TtziPr2ZnOH using 
Method 3. ........................................................................................................................ 310	  
Figure 10-78:  FAB spectrum of product from attempted synthesis of TtziPr2ZnOH using 
Method 3. ........................................................................................................................ 311	  
Figure 10-79:  Predicted isotope pattern for TtziPr2Zn(H2O)3 [ClO4-] ............................ 312	  
Figure 10-80:  FAB spectrum of product from attempted synthesis of TtziPr2ZnOH using 
Method 3. ........................................................................................................................ 313	  
  
xxii 
Figure 10-81:  LIFDI spectrum of product from attempted synthesis of TtziPr2ZnOH using 
Method 3. ........................................................................................................................ 314	  
Figure 10-82:  LIFDI spectrum of product from attempted synthesis of TtziPr2ZnOH using 
Method 3. ........................................................................................................................ 315	  
Figure 10-83:  IR spectrum of product from attempted synthesis of TtziPr2ZnOH using 
Method 3. ........................................................................................................................ 316	  
Figure 10-84:  1H-NMR spectrum of product from from hydrolysis of TtziPr2ZnCH2CH3, 
Method 4, after 1 day. ..................................................................................................... 316	  
Figure 10-85:  1H-NMR spectrum of product from the hydrolysis of TtziPr2ZnCH2CH3, 
Method 4, after 1 day. ..................................................................................................... 317	  
Figure 10-86:  1H-NMR spectrum of product from from hydrolysis of TtziPr2ZnCH2CH3, 
Method 4, after 1 day. ..................................................................................................... 318	  
Figure 10-87:  1H-NMR spectrum of product from from hydrolysis of TtziPr2ZnCH2CH3, 
Method 4, after 1 week. .................................................................................................. 318	  
Figure 10-88:  1H-NMR spectrum of product from from hydrolysis of TtziPr2ZnCH2CH3, 
Method 4, after 1 week. .................................................................................................. 319	  
Figure 10-89:  1H-NMR spectrum of product from from hydrolysis of TtziPr2ZnCH2CH3, 
Method 4, after 12 days. ................................................................................................. 320	  
Figure 10-90:  1H-NMR spectrum of product from from hydrolysis of TtziPr2ZnCH2CH3, 
Method 4, after 12 days. ................................................................................................. 321	  
Figure 10-91:  CI-MS from hydrolysis of TtziPr2ZnCH2CH3, Method 4. ....................... 322	  
Figure 10-92:  CI-MS from hydrolysis of TtziPr2ZnCH2CH3, Method 4. ....................... 323	  
Figure 10-93:  CI-MS from hydrolysis of TtziPr2ZnCH2CH3, Method 4. ....................... 324	  
Figure 10-94:  CI-MS from hydrolysis of TtziPr2ZnCH2CH3, Method 4. ....................... 324	  
Figure 10-95:  CI-MS from hydrolysis of TtziPr2ZnCH2CH3, Method 4 with heat. ........ 325	  
Figure 10-96:  CI-MS from hydrolysis of TtziPr2ZnCH2CH3, Method 4 with heat. ........ 326	  
Figure 10-97:  CI-MS of TtziPr,MeNiCl (8-1). .................................................................. 327	  
Figure 10-98:  CI-MS of TtziPr,MeNiCl (8-1). .................................................................. 328	  
Figure 10-99:  IR spectrum of TtziPr,MeNiCl (8-1). ......................................................... 328	  
Figure 10-100:  CI-MS of TtziPr,MeCuCl (8-2). ............................................................... 329	  
  
xxiii 
Figure 10-101:  CI-MS of TtziPr,MeCuCl (8-2). ............................................................... 330	  
Figure 10-102:  IR spectrum of TtziPr,MeCuCl (8-2). ....................................................... 330	  
Figure 10-103:  CI-MS of TtziPr,MeZnCl (8-3). ............................................................... 331	  
Figure 10-104:  CI-MS of TtziPr,MeZnCl (8-3). ............................................................... 332	  
Figure 10-105:  1H-NMR spectrum of TtziPr,MeZnCl (8-3). ............................................ 333	  
Figure 10-106:  IR spectrum of TtziPr,MeZnCl (8-3). ....................................................... 333	  
Figure 10-107:  CI-MS of TtziPr,MeZnOAc (8-4). ............................................................ 334	  
Figure 10-108:  CI-MS of TtziPr,MeZnOAc (8-4). ............................................................ 335	  
Figure 10-109:  1H-NMR spectrum of  TtziPr,MeZnOAc (8-4). ....................................... 336	  
Figure 10-110:  IR spectrum of  TtziPr,MeZnOAc (8-4). .................................................. 337	  
Figure 10-111:  CI-MS of TtziPr2NiCl (8-5). ................................................................... 338	  
Figure 10-112:  CI-MS of TtziPr2NiCl (8-5). ................................................................... 339	  
Figure 10-113:  IR spectrum of TtziPr2NiCl (8-5). .......................................................... 339	  
Figure 10-114:  CI-MS of TtziPr2CuOAc (8-6). .............................................................. 340	  
Figure 10-115:  CI-MS of TtziPr2CuOAc (8-6). .............................................................. 341	  
Figure 10-116:  IR spectrum of TtziPr2CuOAc (8-6). ...................................................... 342	  
Figure 10-117:  Ortep diagram of HtzPh,Me, hydrogens are omitted for clarity (Nitrogens 
are in blue and carbons are in grey).  HtzPh,Me is a degradation product from 
TtzPh,MeMoO2Cl. .............................................................................................................. 342	  
Figure 10-118:  CI-MS  of TtzPh,MeMoO2Cl (8-7), method 1. ........................................ 344	  
Figure 10-119:  CI-MS  of TtzPh,MeMoO2Cl (8-7), method 1. ........................................ 345	  
Figure 10-120:  1H-NMR spectrum  of TtzPh,MeMoO2Cl (8-7), method 1. ..................... 346	  
Figure 10-121: 1H-NMR spectrum  of TtzPh,MeMoO2Cl (8-7), method 1. ...................... 347	  
Figure 10-122:  1H-NMR spectrum  of TtzPh,MeMoO2Cl (8-7), method 1. ..................... 348	  
Figure 10-123:  1H-NMR spectrum  of TtzPh,MeMoO2Cl (8-7), method 1. ..................... 349	  
Figure 10-124:  1H-NMR spectrum  of TtzPh,MeMoO2Cl (8-7), method 2. ..................... 350	  
  
xxiv 
Figure 10-125:  1H-NMR spectrum  of TtzPh,MeMoO2Cl (8-7), method 2. ..................... 351	  
Figure 10-126:  1H-NMR spectrum  of TtzPh,MeMoO2Cl (8-7), method 2. ..................... 352	  
Figure 10-127:  1H-NMR spectrum  of TtzPh,MeMoO2Cl (8-7), method 2. ..................... 353	  
Figure 10-128:  CI-MS of TtzPh,MeMoCl2O (8-8). .......................................................... 354	  
Figure 10-129:  CI-MS of TtzPh,MeMoCl2O (8-8), isotopic pattern matches experimental.
......................................................................................................................................... 355	  
Figure 10-130:  1H-NMR spectrum of TtzmiPr2 in CDCl3. ............................................. 356	  
Figure 10-131:  CI-MS of TtzmiPr2. ................................................................................ 357	  
Figure 10-132:  CI-MS of TtzmiPr2. ................................................................................ 358	  





List of Schemes 
 
Scheme 3-1:  Synthetic scheme for the synthesis of ligand 3-1. ...................................... 49	  
Scheme 3-2:  Synthetic scheme for the synthesis of ligand 3-3. ...................................... 50	  
Scheme 5-1:  Stepwise reduction of nitrate. ..................................................................... 85	  
Scheme 6-1:  General illustration of functionalizing the C-H bond in cyclohexanes .... 169	  
Scheme 6-2:  General illustration of activation of a C-H bond in hexanes. ................... 171	  
Scheme 6-3:  General illustration of activation of a C-H bond in 2,3-DMB .................. 171	  
Scheme 6-4:  General illustration of activation of a C-H bond in THF. ......................... 172	  
Scheme 7-1:  Synthetic Routes to LZnOH. .................................................................... 182	  
Scheme 7-2:  Three unique routes to H(TtztBu,Me). ......................................................... 183	  
Scheme 7-3:  Attempted Hydrolysis of Organometallic Co-Ligands. ............................ 184	  
Scheme 7-4:  Successful route to (TtztBu,Me)ZnOH via Zn amide.  Zn amide structure is 
tentatively assigned as κ3 or κ2. ................................................................................... 185	  
Scheme 7-5:  Attempted routes to (TtziPr2)ZnOH starting from (TtziPr2)ZnCl. ............... 191	  
Scheme 7-7:  Attempted hydrolysis of (TtziPr2)ZnCH2CH3 to form (TtziPr2)ZnOH. ...... 194	  
Scheme 8-1:  General reaction for TtzR1,R2 with a divalent metal salt for synthesizing 
complexes 8-1 through 8-6. ............................................................................................ 208	  
Scheme 8-2:  Two synthetic routes were performed in an attempt to form complex 8-6.
......................................................................................................................................... 214	  
Scheme 8-3:  Synthetic route used to form complex 8-8 ................................................ 215	  





List of Abbreviations 
 
         Name           Abbreviation 
 
Tris(triazolyl)borate         Ttz 
Tris(pyrazolyl)borate        Tp 
Triazole         Htz 
Methanol         MeOH  
Ethanol         EtOH 
Dimethylformamide        DMF 
Dimethylsulfoxide        DMSO 
Trifluorethanol        TFE 
Silver perchlorate Electrode       APE 
Ligand to Metal Charge Transfer      LMCT 
Copper nitrite reductase       CuNiR 
Cytochrome p450        Cyt p450 
Super hyperfine        SH 
Square pyramidal        sp 
Trigonal bipyramidal        tbp 
Glassy Carbon Electrode       GCE 
Standard Calomel Electrode       SCE 
Standard Hydrogen Electrode       SHE 
Turn Over Number        TON 
Density Functional Theory       DFT 





Bio-Inspired Modulation of Tris(triazolyl)borate’s Electronic Properties Resulting in 
Enhanced Reactivity of Cu(I/II) and Other Transition Metal Complexes 
Natalie A. Dixon 





 The natural design of enzymes and proteins inspires synthetic strategies for 
designing more efficient transition metal catalysts for achieving similar organic 
transformations.  
 Novel tris(triazolyl)borate ligands with intermediate steric bulk, tris(3-
isopropyl,5-methyl,1,2,4-triazolyl)hydroborate (TtziPr,Me), tris(3,5-diisopropyl,1,2,4-
triazolyl)hydroborate (TtziPr2), and tris(3,5-diisopropyl,1,2,4-triazolyl)methane (TtzmiPr2), 
were synthesized and characterized.  These ligands were used to support transition metal 
complexes:  TtziPr,MeNiCl, TtziPr,MeCuCl, TtziPr,MeZnCl, TtziPr,MeZnOAc, TtziPr2NiCl, 
(TtziPr2CuCl)2, (TtziPr2CuOH)2, TtziPr2CuOAc, TtziPr2CuCO, TtziPr2CuNO2, TtziPr2CuNO3, 
TtziPr2ZnCl, TtziPr2 ZnCH2CH3, and TtzmiPr2Cu(NO3)2.  These complexes either serve as 
models of the active-site of metallo-enzymes or as precursors used to achieve the desired 
mimic. 
 The modulation of a metallo-enzyme’s electronic properties by a network of 
hydrogen-bonds or protonation/deprotonation events is an important feature regarding its 
reactivity towards an organic substrate.  The Ttz is a unique ligand such that it can model 
this feature and thus we studied the effects protonation of the Ttz-ligand has on the 
electronic density of TtzR1,R2Cu(I)CO centers, where the stretching mode of the CO 
ligand determined by IR was used to assess the change in the electronic properties of the 
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Cu(I)-center upon protonation.  Four protonated-states were characterized by 
deconvolution of the CO spectral features and by DFT calculations. 
  This concept was applied to studying the reactivity of (TtzR1,R2)Cu(I/II) 
complexes towards various organic substrates.  (TtzR1,R2)CuNO2 complexes were 
synthesized as models for the copper nitrite reductase enzyme.  The stoichiometric 
reduction of nitrite to form NO(g) was studied.  [(TtztBu,Me)CuINO2]- facilitated the 
stoichiometric reduction of nitrite to generate NO(g) in yields of up to 93% determined by 
UV-Vis.  (TtztBu,Me)CuIINO2 and (TtztBu,Me)CuIINO2 in the presence of HBF4 generated 
NO(g) in yields of 75% and 90% determined by UV-vis.  Additionally, 
(TtzR1,R2)CuNCCH3 complexes were synthesized as catalysts for C-H activation of 
cyclohexanes, hexanes, dimethylbutane, and tetrahydrofuran, and % product conversion 
and TON values increased under acidic conditions determined by 1H-NMR and GC-MS.  
Furthermore, the steric environment around the Cu-center was determined to influence 
the catalyst’s reactivity towards C-H bonds. 
 Attempts at synthesizing TtziPr2ZnOH and TtzPh,MeMoO2Cl as models for carbonic 





Chapter 1 : Introduction 
 
1.1. Significance of Biomimetic Chemistry 
	  
 Biomimetic chemistry lies at the interface of chemistry and biology.  Chemistry 
provides the tools necessary for understanding biological processes at the molecular level, 
which are then applied to the synthetic design of more efficient catalysts.2  The field of 
biomimetics has been around since before the advent of advanced analytical technology, 
where nature has long served as a muse for the development of innovative systems.  
Originally, biological design of animals and plants inspired the development of many 
technologies still used today, including the airplane and VelcroTM (Figure 1-1).  As more 
advanced instrumentation and techniques became available, acquisition of biological 
principles on a smaller scale has been achieved and has lead to the discovery of new 
synthetic strategies that have inspired the design of more efficient catalysts, 
pharmaceutical compounds, and other useful chemical systems.  
 
                 
                                                                                                                      
Figure 1-1:  The structure of the plant burr inspired the design for VelcroTM.  SEM image of a plant burr is 




 Over the last few decades, scientists have turned their attention to studying 
biomolecules, including enzymes and proteins.  Advanced technology has enabled 
biologists to elucidate structural and functional information on several classes of enzymes 
and proteins.4  Application of this information has led to the extensive development of 
numerous synthetic models that have helped scientists better understand the biological 
process, as well as inspire the design of more efficient synthetic catalysts.4  There are 
several features that need to be considered when designing a synthetic model.  Generally, 
the synthetic mimic has the same key structural features as observed in the biomolecule’s 
primary coordination sphere (the site of catalysis or reactivity).5  In turn, this should 
enable the synthetic mimic to do the same chemistry as the enzyme or protein, and thus 
serve as both a structural and functional model.   
 These synthetic systems have facilitated the elucidation of many significant 
biological principles, and subsequently, have been used to design catalysts that are nearly 
as efficient as those found in nature.  Initial studies on modeling the structure-function 
relationship of a biomolecule was inspired by an enzyme from the Cytochrome p450 
(CYP) family that catalyzes selective oxidations on organic substrates.  For example, a 
derivative of CYP facilitates the conversion of lanosterol to cholesterol, where three 
methyl groups are selectively oxidized, leaving the more reactive double bonds intact 
(Figure 1-2).6  It is now understood that site specification for the oxidation is determined 
by the geometry of the enzyme and substrate.6  This discovery led to the idea of “remote 
oxidation,” where the site of oxidation is determined by the geometry imposed by a 
template, a technique now employed in organic synthesis.7 
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Figure 1-2: The conversion of lanosterol to cholesterol is an example of “remote oxidation” facilitated by 
Cyt p450. 
 
 The water-solubility of a biomolecule is in some cases key to its reactivity and is 
another important principle learned from studying enzymes and proteins.  Some enzymes 
have both hydrophobic and hydrophilic characteristics.  For example, water-soluble 
enzymes have a hydrophilic exterior and a hydrophobic interior (Figure 1-3).  This 
enables hydrophobic substrates to travel down the interior of the enzyme to the active-site 
located at the core.8  Positioning the active-site away from water can increase the rate of 
catalysis since breaking of hydrogen bonds between water and necessary acids, bases, or 
substrate groups is not required.  Alternatively, water can serve as a valuable reaction 
medium.  For example, some enzymes require water for the hydrolysis of an organic 
substrate, and thus the active-site is located in the hydrophilic pocket since water is 
necessary for the reaction to proceed.9  These efforts are being used to design 
environmentally friendly catalysts with higher selectivity.   
 
Figure 1-3:  Crystal structure of the plant catechol oxidase used to illustrate the hydrophobic pocket around 








 Another significant biological principle discovered is the influence hydrogen-
bond interactions have on a biomolecule’s reactivity.  For example, hemoglobin and 
myoglobin discriminate between CO and O2 due to a nearby histidine residue (in addition 
to the sterics around the Fe-center).  The dangling histidine residue hydrogen-bonds with 
an Fe-bound, bent O2 molecule (Figure 1-4a).11  Alternatively, Fe-bound CO binds 
linearly, preventing a hydrogen-bonding interaction from the histidine residue to CO.11  
Binding of O2 at the Fe-center is preferred due to the hydrogen-bonding interaction 
imparted by the histidine residue.  Bio-inspired hydrogen-bonding motifs in the ligand 
have been used to activate dioxygen in synthetic catalysts and have been used to stabilize 
transient intermediate species (Figure 1-4b).12 
         
     (a)                 (b) 
Figure 1-4:  (a) Oxygen binding in myoglobin and (b) product from the reaction of  [FeIIH2buea]2- with an 
oxygen atom transfer (OAT) agent.12 
 
 These are some of the biological principles that have been used to develop new 
strategies and to design new complexes in chemistry.  Many of these principles were 



















interest.  These small, synthetic models are generally more easily studied using analytical 
techniques, including spectroscopy and crystallography, than much larger biomolecules.  
Dr. Richard Breslow, a leading researcher in the field of biomimetic chemistry, noted that 
as analytical tools advance further, scientists will eventually learn from larger, more 
organized systems containing several different components whose interactions lead to 
exciting new properties.  Thus, there is a continuing effort to learn how to imitate 
biological processes and how to model these processes in order to do new and exciting 
chemistry.   
 This work focuses on the synthesis of novel tris(triazolyl)borate ligands with 
intermediate steric bulk.  These ligands support transition metal complexes that are best 
suited to serve as models for enzymes whose active-sites contain metals supported by 
three histidine residues.  This ligand is suitable for studying the effects of hydrogen-
bonding interactions at or protonation of the ligand on the metal’s reactivity, a feature 
observed in many enzymes and proteins.  An introduction to this class of ligands and 
their use as supporting ligands for modeling metalloenzymes will be discussed next. 
 
1.2. Scorpionate Ligands: Unique Structures and Electronic Properties for 
Modeling Enzymes 
 
1.2.1. Unique Facets of the Tris(triazolyl)borate Ligand Class 
 
 Tris(triazolyl)borate (Ttz) ligands are analogous to tris(pyrazolyl)borate (Tp) 
ligands in their ability to facially cap a metal through three nitrogen atoms, but there are 
significant differences in their available binding modes and electronic properties.13  Ttz 
ligands can bind to one metal, or several, and create mononuclear or polynuclear 
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complexes and coordination polymers with fundamentally different topologies than seen 
with Tp complexes.13  This is due to the extra nitrogens that can bind to additional metals 
or acidic hydrogens, thus creating a ditopic ligand with two unique binding sites (Figure 
1-5). 
 
Figure 1-5:  An illustration of the available binding modes in (a) Ttz and (b) Tp. 
 
 The extra nitrogens also create significant electronic differences.  If the 
substituents on Tp and Ttz are the same, then Ttz is usually a weaker donor.14  If the 
chemistry is sensitive to these electronic differences, then these changes can lead to 
significant reactivity differences.  Thus, Ttz ligands can play an important role in forming 
biomimetic structures and enabling studies of catalytic processes. 
1.2.2. Nomenclature, Abbreviations, and Basic Principles 
 
 Throughout this thesis, the nomenclature used by Swiatoslaw Trofimenko,15 
where the substituents in the three and five positions are given as R1 and R2 in TtzR1,R2, 
will be used.  Abbreviations used herein include Ttz = tris(triazolyl)borate, Tp = 
tris(pyrazolyl)borate, Tpm = tris(pyrazolyl)methane, and Ttzm = tris(triazolyl)methane.  
Significantly, Ttz ligands are monoanionic, and the hydridic BH rarely interacts with the 
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metal or donates H-.16  In contrast, Ttzm ligands feature a methane linker and are neutral.  
These charges dictate, in some cases, which metal oxidation states are most readily 
isolated.  All of the tridentate ligands described herein can be called scorpionates, a term 
coined by Trofimenko.15a  For the Ttz complexes described herein, all binding groups are 
equivalent, so they are defined as homoscorpionates.   
1.2.3. Tris(triazolyl) Based Ligands 
 
1.2.3.1. TtzH,H Complexes 
 
 The first triazole based scorpionate ligand was made with 1,2,4-triazole and was 
reported in 1967 by Trofimenko.17  The unsubstituted KTtzH,H supports water-soluble, 
homoleptic bis ligand Ttz complexes (also referred to as sandwich complexes herein).  A 
1991 report presented (TtzH,H)2M (M = Mn, Fe, Co, Ni, Cu, Zn and Cd) complexes 
(Figure 1-6b) that were monomeric or were coordination polymers in which the four 
position N (N4) binds to an additional metal atom (exopolydentate) (Figure 1-6a).18   
 
(a) (b)  
 
Figure 1-6:  (a) Ttz ligand showing endodentate and exodentate coordination and (b) illustration of the 
homoleptic, bis ligand complexes of the Ttz ligand. 
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 While the propensity of this ligand for formation of coordination polymers was 
first mentioned based on solubility observations,18 extensive structural characterization 
came later in the papers by Janiak, discussed below.  The sandwich complexes of 
transition metals with TtzH,H will be described first, with an emphasis on the features of 
the Ttz ligand discovered from these studies. 
 Evidence of the unique role of the remote nitrogen in tris(triazolyl)borate 
complexes comes from a combined X-ray crystallography and theoretical study by 
Janiak.19  AM-1, a semi-empirical calculation, shows that the N4 atom in [TtzH,H]- has 
more charge on it (-0.19) than the two position nitrogen, N2, (-0.11) (Figure 1-7).  This 
was later confirmed by 15N-NMR on potassium salts of the Ttz and bis(triazolyl)borate 
(Btz) ligands.20  Nonetheless, it is N2 that usually coordinates to the metal (as it does 
here), presumably due to formation of an ideal chelate ring size of six atoms.   
 
 
Figure 1-7:  Picture showing the location of electron density and charge on N2 and N4 of triazolyl within 
TtzH,H.  Schematic drawing is similar in content to figure in reference 19. 
 
 Thus Ttz ligands seem ideal for construction of chelates from nitrogen containing 
heterocycles with a proclivity for both endodentate and exodentate interactions.  The 
exodentate interactions are most commonly to another metal (to form multimetallic 
species or coordination polymers) or to protons, either as H+ or an acidic, bound 







exodentate interaction shifts from interactions with metals towards interactions with the 
much smaller hydrogen atoms. 
 The concept of using protonation of the triazolyl rings to control the geometry at a 
metal was first put forward in 1972.21  A 1H-NMR study showed how increasing the acid 
concentration (D2SO4/D2O ratio) changed the chemical shift of the coordinated triazolyl 
rings in Co(TtzH,H)2.  This was interpreted as being indicative of a change in binding 
mode within Co(TtzH,H)2 due to triazolyl arms coming off the metal and being partially 
displaced by solvent coordination thereby modulating the donor properties of TtzH,H.  
This study was complicated by the fact that acid cleaves B-N bonds and the author notes 
partial decomposition of the Ttz ligands.  
 Further studies of  [M(TtzH,H)2] (M = Fe, Co) indicated that the Ttz complexes, 
relative to the Tp complexes, are slightly weaker σ donors, and much weaker π donors (in 
fact they are often π acceptors).20  This causes a slight shift in the UV-Vis absorbance 
(528 vs. 533nm for L2Fe with L = Tp and Ttz, respectively), but a more dramatic change 
in the oxidation potential for the Fe(II/III) couple as measured by cyclic voltammetry 
(from 185.5 to 920.5mV).  Thus the Ttz complexes are much more difficult to oxidize, 
due to an electron withdrawing effect.   
 In general, the molecular chelate complex, M(TtzH,H)2, is favored for M = Fe, Co, 
Ni and Cu(II).22  With M = Mn, a 1D coordination polymer results.  Zinc can form the 
molecular chelate complex or the 3D coordination polymer; however, the 3D 
coordination polymer is thermodynamically favored.  This trend is related to the Irving 
Williams series, which describes how Ligand Field Stabilization Energy (LFSE) 
increases from Mn through Cu, and is lowest for Mn and Zn(II).23  Thus the coordination 
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of N4, which has the most negative charge, should be thermodynamically favored.22  
Coordination of N4 is sometimes observed for Mn and Zn(II) since the lack of LFSE for 
d5 and d10 metals means that achieving octahedral geometry is not paramount and other 
geometries are possible as the ligand binding to these metals is primarily ionic.  The 
formation of thermodynamically disfavored mononuclear (Ttz)2M complexes with M = 
Mn, Zn(II) can be attributed to kinetic control of recrystallization.  If the first N to 
coordinate to the metal is an endodentate N, then this will favor formation of the 
molecular chelate complex as the kinetic product (Figure 1-8).  Similarly, initial 
coordination of the exodentate N favors coordination polymer formation (see reference22 




Figure 1-8:  An equilibrium between exodentate and endodentate coordination modes controls the 
recrystallization product obtained.  Reproduced from reference 22.   
 
 With copper, initial studies reported the molecular chelate complex Cu(TtzH,H)2,  
but later studies using Co(TtzH,H)2 as a starting material for transmetallation with CuCl2 
produced Cu(II) containing Ttz coordination polymers.24  Depending on the reaction time, 
either a 2D or a 3D coordination polymer was formed.  The 3D coordination polymer 
structure is interesting from a biomimetic perspective (Figure 1-9).  There are two unique 
Cu environments.  In one environment, the two Cu ions are coordinated by three 
exodentate N’s and bridged together by two OH groups (Cu(µ-OH)2Cu).  In the second 
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environment, the two Cu ions are bridged by OH and aqua ligands and each Cu is 
coordinated to three endodentate N’s.  These structures are reminiscent of various 
binuclear enzymes and proteins that feature ligation of three histidines to each metal, 
including hemocyanin.25  
              
 
Figure 1-9:  This shows the coordination environments around the coppers in the 3D coordination polymer, 
[[Cu2(η4-Ttz)(µ-OH)2]Cl•6H2O]n (modified from reference 24).   
 
 Furthermore, these studies show that hydrogen bonds in Ttz complexes can 
provide a design principle that allows (in some situations) control of the structure formed.  
Most of the molecular chelate complexes (eg. [M(TtzH,H)2]•6H2O where M = Fe, Co, Ni, 
Zn and Cu(TtzH,H)2•4CH3OH) form hydrogen bonds to either methanol or water.26  In 
these octahedral complexes that form hydrates, N4 atoms are hydrogen bonded to water 
molecules that crystallize in 2D layers (Figure 1-10).19  These solid state structures can 
be describes as clathrates that show water in a semi-organized state, in between a few 
water molecules and bulk water.19  This has allowed a detailed study of the phase 
transitions (from liquid to solid) and the structure of water in 2D layers that exist between 
layers of Ni(TtzH,H)2.27  The electron withdrawing effect of the extra N enhances the 
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acidity of C-H bonds of the triazole, such that weak28 C-H···O hydrogen bonds can 
form.29   
                 
 
 
Figure 1-10:  The isomorphous structures M(Ttz)2 where M = Fe, Co both show 2D water layers between 
metal complex layers.  The left hand section is reproduced from reference19 and modified.  The right hand 
section is a schematic diagram showing hydrogen bonds. 
 
 Formation of 1:1 complexes with Ttz and first row transition metals has required 
the use of soft Cu(I) and bulky co-ligands.30  For example, (TtzH,H)Cu(R3P)n complexes 
(n = 1, 2) formed readily as mononuclear (Figure 1-11a) or 1D coordination polymer 
structures.   The coordination polymer formed featured an uncoordinated triazole ring, 
and two triazoles bridging through N4 (Figure 1-11b).  A subsequent study used Tp, Ttz 
and tris(pyrazolyl)methane sulfonate (Tpms) complexes of Cu(I) with a water soluble 
phosphine (PPh2(p-C6H4COOH)) to measure superoxide scavenging activity.31  Among 
the Cu(I) complexes, Tpms performed the best, TpMe,Me was among the worst, but all 
(including Ttz) degraded superoxide fast enough to be considered useful for in vivo 
















































superoxide dismutase (SOD) mimics, that may be useful for preventing biological 
damage from reactive oxygen species. 
(a)  
(b)   
 
Figure 1-11:  (a) The mononuclear complex, (TtzH,H)Cu(p-tolyl3P).  (b) The coordination polymer formed 
from (TtzH,H)Cu(Ar3P)2 where Ar = m-tolyl.  For both (a) and (b): crystal structure is on left, and schematic 
drawing is on right, with Cu in green, P in orange, N in blue, B in pink and C in black, hydrogens omitted 
for clarity.   
 
 Unsubstituted Ttz (and Tp) ligands commonly form six- and seven-coordinate 
molybdenum complexes.  Piano stool complexes LMo(CO)2(S,S) have been reported, 
where S,S is dithiocarbamate and L is TtzH,H or TpH,H (Figure 1-12).  The seven-
coordinate complex is stabilized when L = Ttz due to its small size and relatively weak 
electron donor properties.32  Surprisingly, the substitution of Tp with Ttz not only 
increases CO stretching frequencies in the IR (in accordance with Ttz being a weaker 






































1-12).  A later study reported that [LMo(CO)3]- (L = TtzH,H, PhB(1,2,4-triazolyl)3, and 
other Tp ligands) complexes react with electrophiles (E) to give LMo(CO)3E.33 
                                         
Figure 1-12:  LMo(CO)2(S,S) complexes, where S,S is dithiocarbamate and L is TtzH,H (left) and TpH,H 
(right). 
 
 Furthermore, studies with Ca, Sr and Pb are relevant to biology, but these metals 
are usually not found playing a catalytic role in enzyme active sites.  The various 
geometries that can be obtained by Pb are relevant to understanding lead toxicity, and 
how lead displaces zinc in catalytic and structural sites in biological enzymes and 
proteins.  Particularly interesting is the observation that unlike six-coordinate Tp2Ca and 
Tp2Pb complexes, eight-coordinate complexes are observed with Ttz2M•2H2O (M = Ca, 
Sr, Pb).34  This increase in coordination number between Tp and Ttz complexes is 
attributed to the more ionic nature of Ttz complexes, and it is also worth noting that 
waters of crystallization are hydrogen bonded to neighboring triazole rings through the 
exodentate nitrogens.  This Pb complex of Ttz (Figure 1-13b) has a stereochemically 
inactive lone pair, in contrast to Tp2Pb, which has a stereochemically active lone pair.  
During the recrystallization, an intermediate was observed that slowly (over several days) 
added water to form the structure in Figure 1-13b as the final product.  The intermediate 

































contrast, one study reports (TtzH,H)M'Cl complexes (M' = Hg, Pb, VO) which suggests 
much lower coordination numbers if these are monomeric, but structural data are not 
reported.18 
(a)  (b)  
Figure 1-13:  (a) A truncated structure of the coordination polymer of (Ttz)Pb(NO3)(H2O) that slowly adds 
water to form (b) (Ttz)2Pb•2H2O.  In diagram (a), a vacant coordination site is occupied by a 
stereochemically active lone pair.   
 
 Studies of the TtzH,H ligand with non biological metals have included the use of 
Ru,35 Ag36 (in particular for the complexes with unusual optical properties37), and Ir (in κ2 
complexes that are potentially useful for light emitting devices38).  While the details are 
beyond the scope of this work, the insight into the differences between Tp and Ttz 
ligands are relevant here.  Structural and spectroscopic studies of [RuTtzH,H(CO)2]2 show 
that triazole is a very good π acceptor.35  
 These Ttz complexes are effective for mimicking active sites in enzymes when 
the metal has a natural preference for coordination numbers similar to those found in 
biological systems.  But for many metals and oxidation states, coordination numbers are 
too high for catalytic chemistry.  Therefore, greater steric bulk is needed to produce 
divalent first row transition metals with coordination numbers four or five, and for 

































































1.2.3.2. TtzMe,Me Complexes 
 In biology, the amino acids in the enzyme active-sites serve to isolate and restrict 
movement of bound metal ions, such that reactive metal species cannot dimerize or 
aggregate.  Thus, unsubstituted Tp and Ttz ligands are typically unsuitable for 
biomimetic chemistry, at least with hard metal ions that favor high coordination numbers.  
With first row divalent transition metals, unreactive octahedral L2M complexes 
predominate.  With Mo, octahedral complexes of Mo(VI) and Tp could be formed and 
are good structural models for many enzyme active sites, but upon reduction to Mo(V), as 
occurs in biology, decomposition reactions prevented the observation of biologically 
relevant processes like oxo transfer and proton coupled electron transfer.39   
 Methyl substituents at the 3 and 5 positions in TtzMe,Me provide sufficient steric 
bulk to prevent undesirable side reactions from occurring in Mo complexes.  Young et al. 
synthesized K(TtzMe,Me) and used it to support NEt4[TtzMe,MeMo(CO)3], a six-coordinate 
Mo(0) complex with νCO bands measured at 1900 and 1765 cm-1 in solution.40  The 
corresponding Tp complex, NEt4[TpMe,MeMo(CO)3], has bands at 1891 and 1751 cm-1.  
Thus Ttz is a weaker electron donor than Tp and there is less Mo-d to CO-π* 
backbonding in the Ttz complex.  These changes are modest enough to be undetectable 
by crystallography, but the reactivity differences are quite significant, and allow the 
isolation of reactive species, as discussed below.  Like Tp and Ttz, TtzMe,Me can also form 
seven-coordinate Mo complexes upon oxidation with I2 resulting in TtzMe,MeMoII(CO)3I.   
 The formation of cis dioxo- or cis thio,oxo- Mo(VI) complexes provides an entry 
point into biomimetic chemistry.  Several enzymes, including xanthine oxidase and 
sulfite oxidase, use this motif for O atom transfer (Figure 1-14).  While the use of Tp or 
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Ttz, both tridentate N donors, as a surrogate for the MPT dithiolene cofactor (Figure 1-
14c) is at first glance counterintuitive, the facial coordination of these N3 ligands forces 
two oxo ligands cis, and also blocks dimerization of reactive intermediates when 
sufficient steric bulk is provided.  The cis arrangement of oxo groups is essential for 
catalysis.  In sulfite oxidase, the mechanism of sulfite oxidation to sulfite is believed to 
occur as follows (starting from top of Figure1-15): 1) MoVI(=O)2 transfers an oxo to 
sulfite, 2) a reduced species, MoIV(=O)OH2 is formed that looses one e- and one H+ 
(proton coupled electron transfer, PCET) to produce 3) MoV(=O)OH which does a 
second PCET to return to the starting MoVI(=O)2 species.25  Significantly, 
(TpMe,Me)MoVIO2(SPh) is a model that allows observation of all processes in this cycle, 
and spectroscopic observation of all of the key intermediates.39a   
 
Figure 1-14:  Selected molybdenoenzyme active sites and the MPT cofactor. 
 
 
Figure 1-15:  Catalytic cycle for enzymatic sulfite oxidation.  Here, [Mo] represents the Mo complex in 

















 However, for clean isolation and crystallographic characterization of Mo(V) 
species, TtzMe,Me proved necessary.  LMoVIO2X (L = TpMe,Me, TpiPr, and TtzMe,Me; X = Cl, 
Br, NCS, OMe, OEt, OPh, SiPr, SPh, SCH2Ph) complexes underwent electrochemical 
reduction to give MoV species that were observed by EPR.41  In many cases the reduction 
was reversible, if solvents were thoroughly dried to prevent MoV(=O)2 from being 
protonated.  With L = TtzMe,Me, the electron withdrawing properties of the ligand allow it 
to be reduced at less negative potentials, relative to the TpMoVI complexes.42  
Remarkably, due to the reduced basicity of the oxo groups, MoV(=O)2 was stable, even in 
the presence of wet solvents (it did react with air and electrophiles), and a crystal 
structure was obtained on the radical [Cp2Co]+[TtzMe,MeMoVO2SPh]- (Figure 1-16).43  
This radical shows a lengthening of the Mo-O bonds that is consistent with repulsion 
between the orbital containing the d1 electron and the Mo=O π bonds, and it shows a 
characteristic EPR spectrum.  Such MoVO2 species are not believed to occur in enzymes 
as MoVO2 with biological ligands would be quite basic and EPR signals for such species 
have not been observed biologically.  With the TpMe,Me ligand, 
(TpMe,Me)MoV(=O)(OH)(SPh) was observed as a coprecipitate by EPR, and is a good 
model for MoV in molybdenoenzymes (eg. species on the left of Figure 1-15).42  
Furthermore, some of these dioxo complexes readily exchange oxo for thio, and create 




Figure 1-16:  The species [TtzMe,MeMoVO2SPh]- [Cp2Co]+, in which the Mo complex is an anion radical.43  
N=N represents the third triazole ring.   
 
 This ligand appears underutilized, and can perhaps lead to interesting and rich 
chemistry with 2nd and 3rd row transition metals.  It may also support reactivity studies 
with Cu(I), which should bind just one Ttz ligand, leaving an open site for catalytic 
chemistry.  Young et al. discusses the difficulty of reproducing literature yields of the 
triazole (they report 23% and the literature reports 63%) and this could explain the 
paucity of studies with this ligand. 40 
1.2.3.3. TtzPh,Me Complexes 
 
 An increase in steric bulk by placing phenyl rings at the three position, in TtzPh,Me, 
increases the propensity for 1:1 complexes with first row transition metals, and decreases 
propensity for formation of coordination polymers.  The hydrophobicity of the phenyl 
rings also leads to decreased water solubility, but the solubility properties of these 
complexes are still good in water/alcohol mixtures.44   
 Importantly, the tetrahedral zinc alkyl complex, (TtzPh,Me)ZnEt (Figure 1-17b), is 
stable, but reacts with water to form a homoleptic bis ligand complex, (TtzPh,Me)2Zn 
  
20 
(Figure 1-17c).45  (TtzPh,Me)ZnEt also reacts with various (anhydrous) acids to form four 
or five-coordinate complexes of the conjugate base (CB), (TtzPh,Me)Zn(CB).46  Despite the 
fact that alkyl zinc complexes are known to be very reactive towards acids and water,45 
the protonolysis of these TtzPh,Me zinc alkyls was slow, indicating some steric protection 
of the metal center by the ligand.46  
                    
                (a)                                              (b)                                             (c) 
 
Figure 1-17:  a) (TtzPh,Me)ZnX. b) (TtzPh,Me)ZnEt crystal structure, with hydrogen atoms omitted for clarity, 
color code: B = pink, C = black, N = blue, Zn = magenta. c) (TtzPh,Me)2M complexes. 
  
 This propensity for forming octahedral complexes is further enhanced with the 
divalent first row metals, Mn through Cu (where the (TtzPh,Me)2M complexes (M = Mn, 
Fe, Co, Ni, Cu(II) are shown in Figure 1- 17c).47  Regardless of the metal to ligand ratio 
used or the presence of co-ligands, the stoichiometry of the major metal complex 
observed is always 1:2.  These complexes show that while the phenyl rings are able to 
interdigitate, the steric bulk causes distortions away from octahedral symmetry.47  With 
both Ni(II) and Cu(II), rearranged products are also observed, wherein the phenyl and 
methyl substituents are in swapped positions (5 and 3 respectively) in one triazole ring, 
this ligand is designated as TtzPh,Me*.  The side products formed are (TtzPh,Me*)2Cu and 
(TtzPh,Me*)Ni(TtzPh,Me), and the formation of these products appears to be driven by 









complexes Figure 1-18).47  The shorter M-N bond distances allows Ni and Cu to 









Figure 1-18:  (TtzPh,Me)2Cu (a), and its rearranged isomer, (TtzPh,Me*)2Cu (b) as schematic drawing and 
crystal structure (entire structure and coordination sphere).  Cu shown in red, rearranged complex Cu in 
green, N in blue, B in pink and C in black, and hydrogens were omitted for clarity. 























 In general, TtzPh,Me supports coordination to H and metals through the N4 atom, 
but this occurs less frequently than with other Ttz ligands.  Most of the sandwich 
complexes of TtzPh,Me described above do not show hydrogen bonding interactions, but 
[NaTtzPh,Me]•6CH3OH,44 (TtzPh,Me)NiCl(OH2) and (TtzPh,Me)ZnCl•(½CH3OH)44 and other 
mono ligand zinc complexes46 do form hydrogen bonding interactions.  A coordination 
polymer is observed in one case, for [(TtzPh,Me)Zn(OC6H4-p-NO2)]n, and this complex 
involves coordination of one exodentate nitrogen to one zinc and coordination of two 
endodentate nitrogens to another zinc, creating a one dimensional polymer chain (Figure 
1-19).  However, this extended structure does not form in the presence of water or excess 
p-nitrophenol, thus, coordination polymers do not dominate the chemistry of this ligand.46   
 
                                                                             
 
Figure 1-19:  Simplified view of the 1D coordination polymer, [(TtzPh,Me)Zn(OC6H4-p-NO2)]n, is shown on 
the top.  The polymer is disrupted in the presence of moisture, and (TtzPh,Me)Zn(OH2)(OC6H4-p-NO2) 
forms, shown on the bottom.  This complex has H bonds between the Zn bound water and neighboring 












































 TtzPh,Me is a ligand that holds great promise with softer metals (eg. CuI), but with 
the divalent first row metals, sandwich complexes predominate.  With Zn(II), there is a 
rich, but limited chemistry of the TtzPh,Me provided that a suitable co-ligand is present and 
conditions limit the formation of sandwich complexes.46  Thus there is a need for bulkier 
Ttz ligands.  
1.2.3.4. TtztBu,Me Complexes 
 
 The steric bulk of the TtztBu,Me ligand is enough to support four- and five-
coordinate complexes.  In general, most of the structures have the same or slightly greater 
coordination number as compared with the corresponding TptBu,Me or TptBu complexes.  
The slight increase in coordination number reflects that TtztBu,Me is a weaker electron 
donor.  The steric bulk (relative to other Ttz ligands) serves to prevent the formation of 
coordination polymers and homoleptic bis ligand complexes.  Similarly, metal 
coordination through the exodentate nitrogen has not yet been observed, but coordination 
to H+ or H of a protic solvent through the exodentate nitrogen has frequently been 
observed.  The solubility of TtztBu,Me complexes is good in polar solvents and in water 
and alcohols.   
 The TtztBu,Me ligand is sterically the same as the corresponding Tp ligands, and 
any differences in structures can be attributed to electronics.  Of the crystallographically 
characterized TtztBu,Me complexes, the vast majority are structurally very similar (in terms 
of bond lengths, angles and coordination geometry) to Tp complexes of a similar steric 
profile (eg. TptBu,Me or TptBu).  This includes the published45-46, 48 and the unpublished 
structures of (TtztBu,Me)MCl (where M = Fe, Mn) synthesized by Papish et al.49  The only 
structures that show significant structural differences are (TtztBu,Me)Zn(κ2-OAc) (Figure 
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1-20), and Cu(II) complexes of nitrite and nitrate (shown in Chapter 5).48a, 50  The 
structural differences are more dramatic between 5-coordinate (TtztBu,Me)Zn(κ2-OAc) and 
the 4-coordinate (TptBu,Me)Zn(κ2-OAc) complex.  These distinct geometries reflect 
electronic differences, as a more electropositive zinc results with the TtztBu,Me ligand.  
The differences between (TtztBu,Me)Cu(κ2-O2NO) and (TtztBu,Me)Cu(κ2-O2N) as compared 
with the TpCuII nitrate and nitrite complexes of similar steric profile are more subtle and 
will be discussed in greater detail in Chapter 5.50 
 
                             (a)                                      (b)                                            (c) 
 
Figure 1-20:  Two views of (TtztBu,Me)ZnOAc (a and b) and (TptBu,Me)ZnOAc (c).  Zn in magenta, O in red, 
N in blue, B in pink, C in black and hydrogens omitted for clarity. 
 
 Sometimes, this steric bulk has some unintended consequences.  In one case, 
(TtztBu,Me)ZnSPh rearranges to produce (TtztBu,Me*)ZnSPh to relieve steric pressure 
(Figure 1-21).46  Rearrangement occurs in this complex and not others with O donors 
because S prefers tighter bond angles.46  The steric protection of (TtztBu,Me)Zn(alkyl) 
complexes is great enough to make protonolysis with acids in toluene quite slow, and 
hydrolysis does not occur due to kinetic stability (Figure 1-22).  Access to the zinc is 
blocked for these complexes, and protonolysis most likely requires a change from 
tridentate to bidentate coordination for the TtztBu,Me ligand.46  Expectedly, the acid is not 
appreciably dissociated in toluene, so very little H+ is available to bind to the exodentate 
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site.  Perhaps acid in a more ionizing solvent can catalyze these reactions by providing H+ 
to bind to the exodentate N to promote a decrease in denticity.  The electronic features of 
TtzR1,R2 in the presence of acid will be discussed in Chapter 4.51  
 
                                  
Figure 1-21:  The ligand rearrangement occurs to form (TtztBu,Me*)ZnSPh. Zn in magenta, Cu in green, S in 





Figure 1-22:  Proposed mechanism of protonolysis of LZnEt (L = TtztBu,Me, TptBu,Me) with p-nitrophenol in 
toluene.  The rate does not depend on the concentration of acid, but is first order in LZnEt.46 
 
 The study of Cu(I) carbonyl complexes provides a means of measuring donor 
strength for various comparable ligands and will be discussed further in Chapter 4. 51  
The sources of the electronic differences – the extra nitrogens in the azole rings – also 
provide a means of improving solubility in water and alcohols via a site for hydrogen 
bonding.  The water solubility of the potassium salt of the ligand (KTtztBu,Me) is 
impressive at 99mg/mL,48a but this solubility is diminished somewhat in transition metal 
















methanol/water mixtures, so for biomimetic studies of hydrophilic enzyme active sites 
and hydrolytic reactions this represents an improvement over Tp metal complexes.  Many 
crystal structures observed have hydrogen bonding interactions.  One noteworthy 
structure includes (TtztBu,Me)Zn(alkyl)•H2O (Figures 1-23a),45, 48b which illustrates that 
organometallic complexes can be water stable, provided there is a steric barrier to 
reactivity at the metal center.  This ability to accept an H+ at the N4 position has allowed 
HTtztBu,Me to be isolated and serve as a synthetically useful starting material.  This allows 
entry into reactivity that is not possible with Tp ligands.  The crystal structure shows how 
coordinating H+ to N4 leads to a network of hydrogen bonds (Figure 1-23b).46  
              
 
                                            (a)                                                                 (b)       
 
Figure 1-23:  Hydrogen bonding interactions in a) (TtztBu,Me)Zn(ethyl)•H2O and b) H(TtztBu,Me) 
•H2O•CH2Cl2, with CH2Cl2 omitted for clarity.  In the latter structure there are hydrogen bonds to each 
exodentate triazole N, although only one is shown.   
 
 There are many attempts at isolating TtztBu,MeZnOH starting with TtztBu,MeZnCl or 
TtztBu,MeZnR that will be discussed in Chapter 7.  The key observation from those studies 
was that the TtztBu,MeZn complexes were too bulky and prevented formation of the ZnOH 































 Ttz ligands have a rich chemistry.  They tend to favor higher-coordinate structures 
than the Tp ligands due to being weaker donors.  They can bind to an additional metal 
(often forming coordination polymers) or to protic hydrogens, and thus offer improved 
water solubility.  Steric bulk plays an important role in the chemistry of the Ttz ligands 
and can allow for the formation of structures resembling enzyme active sites.  Also, the 
additional binding mode makes Ttz ligands suitable for modeling hydrogen-bonding 
interactions or protonation of ligand as seen in many enzymes and proteins.  A discussion 
of the use of TtztBu,Me, TtzPh,Me, and the newly developed TtziPr2 in forming biomimetic 
structures and applying biological principles to organometallic catalysis will be discussed 
herein.   
 
1.3. Scope and Thesis Objectives  
 
 Bulky Ttz ligands can support a low-coordinate, electron-deficient metal that is 
poised to react with various nucleophilic substrates.  The unique electronic features can 
also lead to isolation of metalloradicals and unusual or typically unstable metal oxidation 
states.  The water and alcohol solubility makes these ligands suitable for modeling 
hydrophilic enzymes.  An underdeveloped but nonetheless transformative area of 
research with Ttz ligands is the use of metal or H binding to the exodentate N to 
modulate the ligand’s donor properties.  Binding to this nitrogen can promote a change in 
Ttz denticity from tridentate to bidentate and promote reactivity, thereby the metal or H+ 
can act as a catalyst.  Thus bulky Ttz ligands can be considered orthogonally 
functionalized scorpionates that are heteroditopic, tunable ligands. 
 Considering the features of the Ttz ligand, the central hypothesis of this thesis is 
that the available binding mode at the N4 atom(s) on Ttz can be used to modulate the 
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electronic and reactivity properties of corresponding transition-metal complexes.  It is 
understood that hydrogen-bonding and water-solubility has a significant influence on the 
reactivity of enzymes and proteins.  Enzymes with the same primary coordination sphere 
can have distinct functions if they have different degrees of hydrogen-bonding.  
Interestingly, the secondary coordination sphere has garnered less attention, preventing a 
full understanding of the role of the secondary coordination sphere in biology.  The 
additional nitrogen on the Ttz-ligand enables a study on the influence of hydrogen-
bonding or protonation within the secondary coordination sphere on the reactivity of the 
metal.  Furthermore, this principle can be applied to other areas, including organometallic 
catalysis.  Essentially, water-soluble ligands that provide hydrogen-bonding interactions 
or have protonation sites can lead to more efficient catalysts that can be used for 
industrial and environmental purposes. 
 The work in this thesis outlines the synthesis of new Ttz ligands and several Ttz-
supported transition metal complexes.  Importantly, the (TtzR1,R2)CuCO complexes were 
used for studying the electronic properties of Ttz ligands.  Furthermore, the reactivity of 

















Chapter 2 : Brief Overview of Key Experimental Methods 
 
2.1. Infrared Spectroscopy 
 
 Infrared spectroscopy (IR) is a common spectroscopic technique that is generally 
used for structural elucidation by identifying functional groups present in a molecule.  IR 
spectrometers can measure the absorption of IR radiation by a sample that is either in the 
solid, liquid, or gas phase.52   
 In the electromagnetic spectrum, IR radiation is found between the visible and 
microwave regions, with wavenumbers ranging from 13,000 to 10 cm-1.53  The IR region 
can be further fragmented into the near IR, mid IR, and far IR regions.  Studies discussed 
in this thesis will focus on frequencies observed in the mid IR region (4000-400 cm-1).  
Typically, IR absorption is reported in wavenumbers (v), and is directly proportional to 
the energy of the IR radiation absorbed (Equation 2-1), where h is Plank’s constant and c 
is the speed of light. 
𝛥𝐸 = ℎ𝑐𝜈   (Eq. 2-1) 
 IR absorption is reported as a spectrum where the wavenumber is given on the x-
axis and the percent transmittance (%T) is given on the y-axis.  Transmittance is defined 
as the ratio of radiation transmitted by the sample (I) to the radiation incident on the 
sample (I0). 53  Transmittance is related to absorbance (A), where the absorbance is the 
logarithm to the base 10 of the reciprocal of the transmittance (Equation 2-2).53 
𝐴 =    𝑙𝑜𝑔!" !!  (Eq. 2-2) 
 At temperatures above absolute zero Kelvin, atoms are free to move along the 
three Cartesian coordinate axes (x, y, z) in space, and are referred to as having three 
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degrees of freedom.  Therefore, a molecule containing many atoms (n) has 3n total 
degrees of freedom.53  Both translation (motion of the molecule through space) and 
rotation of a molecule are described by 3 degrees of freedom for nonlinear molecules, for 
linear molecules only 2 degrees of freedom are necessary to describe rotation of the 
molecule.  Thus, the remaining 3n-6 degrees of freedom describe the fundamental 
vibrations of nonlinear molecules and 3n-5 degrees of freedom describe the fundamental 
vibrations of linear molecules.  Among the fundamental vibrations of a molecule, those 
that produce a net change in the permanent electronic dipole moment upon absorbing a 
photon are considered “IR-active” and are the only vibrations observable by IR 
spectroscopy.53  Additional bands can appear as a result of the excitation of over- and 
combination tones of fundamental modes, and coupling interactions between fundamental 
vibrations and overtones, which is known as Fermi resonance.  Thus, it is important to 
recognize that the total number of vibrations of a molecule is not necessarily identical 
with the vibrational degree of freedom of an investigated molecule. 53  
 For this work, IR spectroscopy was used to identify functional groups with unique 
vibrational resonances.  The bonds of interest in this thesis are the BH bond (the 
backbone of the Ttz ligand) and the CO bond of TtzR1,R2CuCO complexes.  BH bond 
frequencies observed in the spectra of scorpionate ligands lie in the range between 2400 
cm-1 and 2600 cm-1.54  Identification of this bond via IR spectroscopy confirms the 
presence of the Ttz ligand and is used for characterizing Ttz ligand salts and metal 
complexes, in addition to other characterization methods.  Metal carbonyl complexes 
supported by scorpionate ligands have CO bond frequencies between 2000 cm-1 and 2300 
cm-1.55  Identification of this bond is used for characterizing (TtzR1,R2)CuCO complexes, 
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in addition to other characterization methods.  Furthermore, the wavenumber of the CO 
resonance indicates the strength of the CO bond and was used for understanding the 
electronic properties of the supporting Ttz ligand.    
 Carbon monoxide is an excellent ligand to use as a probe for understanding the 
amount of electron density on a metal.  Metal carbonyl bonds can be described by the σ-
donation and π back donation formalism.56  The bonding in a free CO molecule results 
from the mixing of an s-orbital of the carbon atom with the pz-orbital of the oxygen atom 
to produce a σ-bond and the mixing of the px- and py- orbitals of the carbon and oxygen 
atoms to form two π -bonds.  A lone pair of electrons is left on the oxygen 2s-orbital and 
a lone pair of electrons is left on a carbon spz-hybrid orbital.  The pair of electrons on the 
carbon atom can form a coordinate bond with a metal’s d-orbital to form a σ-bond.  Since 
the formation of the σ-bond pushes electron-density on the metal, back donation from a 
late transition metal d-orbital to the antibonding π * orbital on the carbonyl ligand occurs 
to remove the excess negative charge and stabilize the bond between the metal and ligand 
(M-C bond lengths decrease).  This in turn destabilizes the C-O bond due to population of 
the antibonding π* orbital (C-O bond lengths increase).   
 Importantly, coordination of a ligand to a metal carbonyl complex affects the 
amount of back donation between the metal d-orbital and carbonyl antibonding π* orbital.  
Strongly electron-donating ligands place a greater amount of electron density on a metal 
center, when compared to weakly electron-donating ligands, and a greater degree of back 
donation occurs.  This results in the formation of a stronger M-C bond and a weaker CO 
bond as reflected by the vibrational frequencies of these bonds observed in the complex’s 
IR spectrum.  The location of the vCO stretch indicates the strength of the CO bond as a 
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result of the electron density on the metal center. The amount of electron density donated 
into the antibonding π* orbital determines the strength of the CO bond.   Therefore, the 
vCO is suggestive of the donating strength of the ancillary ligand and will be used for a 
studying the electronic properties under varying conditions.   
  
2.2. UV-Vis Spectroscopy 
 
 UV-Vis spectroscopy is another common spectroscopic technique used to identify 
samples in a solution.  UV-Vis spectrometers can measure the absorption of UV-vis 
radiation by a molecule. 
 In the electromagnetic spectrum, UV-vis radiation is located between the X-ray 
and infrared regions, with wavelengths ranging from 10 nm to 800 nm.57  The UV-vis 
region can be further fragmented into the visible, near UV, and far UV regions.  Studies 
discussed in this thesis will focus on absorptions observed in the near UV and visible 
regions (800-200 nm).  Typically, UV-vis absorption is reported in wavelengths (λ), and 
is related to the energy of the UV-vis photon by the equation given below (Equation 2-3. 
𝛥𝐸   =    !!!   (Eq. 2-3) 
 UV-vis absorption is reported as a spectrum where the wavelength is given on the 
x-axis and the absorbance is given on the y-axis and is defined by Beer’s Law given 
below (Equation 2-4), where b is the path length of the cell (cm), c is the concentration 
of the sample in solution (M), and ε is defined as the molar absorptivity or extinction 
coefficient  (M-1cm-1).57   
𝐴   = 𝑏𝑐𝜀  (Eq. 2-4) 
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 When an atom or molecule absorbs energy, their electrons transition from their 
ground state to an excited state. Different types of electronic transitions occur as a result 
of absorption of UV-vis radiation: (1) transitions involving π, σ, and n electrons and (2) 
transitions involving charge-transfer electrons, metal to ligand (MLCT) or ligand to metal 
(LMCT).  
 The two main electronic transitions that will be focused on herein are π to π* and 
charge transfer transitions (MLCT/LMCT).  Many absorption spectra of organic 
compounds reflect transitions between the π electrons to the π * excited state.  An 
extinction coefficient that arises from π to π * transitions will lie normally between 1000 
and 10,000 L mol-1 cm-1.  It is important to note that the spectrum of a molecule is 
dependent on the solvent used.  In most cases, peaks resulting from π to π * transitions are 
shifted to higher wavelengths (red shift) with increasing solvent polarity.  This in turn 
lowers the energy of both the excited and unexcited states; however, this effect is greater 
for the excited state, resulting in a small red shift.  Another import type of absorption 
considered in this work is charge transfer absorption.  Charge-transfer absorption occurs 
in many inorganic complexes, due to orbital overlap between the metal and ligand, and 
involves the excitation of electrons from a filled valence orbital (on either the ligand or 
metal) to a half occupied or unoccupied valence orbital (on the ligand or metal).  When 
the metal donates electron density into the ligand orbital, the charge transfer is from 
metal to ligand (MLCT), and when the ligand donates electron density into the metal 
orbital, the charge transfer is from ligand to metal (LMCT).  The type and amount of 
charge transfer is determined by ligand donor strength, metal oxidation states, and 
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electron density distribution.  Extinction coefficients for charge-transfer absorptions are 
typically large (1000-10,000 M-1 cm-1, but can sometimes be > 10,000 M-1 cm-1).58   
 For this work, UV-Vis spectroscopy was used for characterizing several 
(TtzR1,R2)Cu(II)X species by identifying the charge transfer bands by comparing their 
corresponding UV-vis spectrum to analogous (TpR1,R2)Cu(II)X complexes reported in the 
literature.  Furthermore, it was used for monitoring the formation of NO(g) by monitoring 
the UV-Vis spectrum association with TPPCo and TPPCoNO.   
 
2.3. Electron Paramagnetic Resonance 
 
 Electron paramagnetic resonance (EPR) spectroscopy measures the amount of 
microwave radiation absorbed by a paramagnetic species with at least one unpaired 
electron.  An unpaired electron has two possible spin states (ms), which are degenerate 
when an external magnetic field is not present.  In the presence of an external magnetic 
field, the spin states’ energies are no longer the same and transitions between the spin 
states can occur by supplying the appropriate amount of energy.  Absorption of the 
microwave radiation occurs when the energy of the radiation is equal to the separation 
between the ms energy levels at a given magnetic field.  
 The absorption of radiation detected by a phase-sensitive detector is converted 
into its first-derivative.  The absorption signal is given as its first derivative, where the 
magnetic field strength is plotted on the x-axis and the energy of the absorbed radiation is 
given on the y-axis.  Observation of the EPR signal provides insight into the oxidation 
state, electronic configuration, and geometry of a metal. For many metals where S= ½, 
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the electronic configuration and geometry, in many cases, dictate the methods required 
for observing an EPR signal.   
 In an S = 1/2 system, perturbed spin state releases energy via a spin relaxation 
process.  There are two types, known as spin–lattice relaxation and spin–spin relaxation.  
In spin-lattice relaxation, the energy is dissipated by thermal vibration of the lattice, and 
thus is related to the lifetime of the spin-state.59  It is characterized by an exponential 
decay of energy as a function of time denoted T1.  T1 is related to the linewidth of an 
individual spin system.  A small T1 leads to ambiguity amongst the energy levels and thus 
results in a broad EPR signal.  Large T1 values are usually found for systems with clear 
electronic ground states that are well separated from the lowest excited states. In spin-
spin relaxation, energy can be transferred between spins, without being transferred to the 
lattice, caused by dipolar and exchange interactions between the electrons in the sample.  
It is characterized by a time constant T2.  Both spin–spin and spin–lattice relaxations can 
contribute to the linewidth, where relationship with the EPR signal’s linewidth (ΔB) can 
be written as (Equation 2-5)59: 
𝛥𝐵   ∝    !!! + !!!   (Eq. 2-5) 
 In general, T2 is usually much shorter than T1 and thus the linewidth depends 
mainly on spin–spin interactions.  T2 increases on decreasing the spin–spin distance in the 
system.  T2 is temperature dependent and, for transition metal complexes, T2 values in the 
range of several µs are common at liquid helium temperatures.  On the other hand when 
T1 becomes very short, it significantly contributes to the linewidth, and in some cases 
broadens the EPR signal beyond detection.  Cooling the sample increases T1 and usually 
leads to a more resolved spectrum. Therefore, EPR experiments are often performed at 
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liquid nitrogen (77K) or liquid helium (4K) temperatures.  On the contrary, if the T1 is 
too long, electrons do not have time to return to the ground state, the populations of the 
two energy levels balance out, and the EPR signal becomes saturated. 
 Thus, it is important to note that for some metal ions, observation of a resolved 
EPR signal is strongly dependent on the temperature.  For some, such as Cu(II) 
complexes, spectra can be observed at room temperatures due to longer relaxation times 
of the excited electron. For metals where S > ½, each unpaired electron influences the 
energies of the other unpaired electrons present in the atom and thus the degeneracy of 
the spin states is lost.  Therefore, the EPR signal is strongly dependent on the degree of 
the zero-field splitting relative to the magnetic field strength used.    
 The amount of radiation absorbed in the presence of an external magnetic field is 
reflected by the electron’s g-value (Equation 2-6), where ΔE is the energy difference, µ 
the magnetic Bohron, and B is the strength of the magnetic field.60 As mentioned earlier, 
an energy difference between the spin states (ms) of an electron in the presence of a 
magnetic field occurs as a result of the Zeeman Effect.61 
𝛥𝐸 = 𝑔𝜇!𝐵  (Eq. 2-6) 
The g-value can be used to describe intrinsic magnetic moment of the electron and is 
sensitive to the changes in the molecule’s electronic structure.60  The g-value for a free 
electron is 2.0023, but is deviated in a metal ion due to spin-orbit interaction between the 
ground and excited states.  The general formula for the g-value of a gaseous metal-ion is 
given below (Equation 2-7), where k defines the degree of orbital mixing (known values 
for d-orbital transitions)59, λ is the spin-orbit coupling constant, and E0 and En are the 
energies of the ground and excited states.59   
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𝑔!   = 2.0023+ !"!!!!!   (Eq. 2-7) 
This value is shifted as a result of the chemical environment around the electron due to 
spin-orbit coupling between the ground and excited states, where λ is greater than 0 for 
electronic configurations d1-d4 resulting in a g-value less than 2.0023 and where λ is less 
than 0 for electronic configurations d6-d9 resulting in a g-value greater than 2.0023.  
Further coupling of the electron’s angular momentum with the angular momentum(s) of 
neighboring nuclei (I > 0) or other unpaired electrons is reflected by a hyperfine splitting 
pattern and can be measured by the splitting constant, A.60  The donor property of the 
ligand affects the g- and A-values of a Cu(II) center, where it has been observed that 
stronger donor ligands support a Cu(II) center with lower g-values and higher A-values 
due to an increase of the covalency of the metal-ligand bond.62  The superhyperfine (shf) 
splitting reveals the degree of spin delocalization onto neighboring atoms and is used to 
determine the type and number of nuclei around the unpaired electron.  Relevant to this 
work, when sp2 N-donors are coordinated to a Cu(II) center with tetragonal, square 
pyramidal, or nearly axial geometry, N-shf is usually observed; on the contrary, trigonal 
bipyramidal Cu(II) centers rarely show N-shf.63  Furthermore, Cu(II) centers supported 
by saturated amines do not exhibit N-shf without the presence of an aromatic N-donor 
ligand coordinated to the metal.64  Collectively, the g- and A- values reveal the electronic 
configuration of a metal ion, the arrangement of atoms coordinated to a metal ion, and the 
specific atoms bound to the metal-center.  This information provides insight into the 
molecular structure around the unpaired electron, and is often used for probing the active-
site of metalloenzymes and proteins. 
  
38 
 EPR spectrometers can measure unique signals corresponding to a sample that is 
either in the solid, liquid, or gas phase.  For small metal complexes in solution, the 
spectra are typically described by the isotropic averages of the g and A values as the rate 
of tumbling is typically fast.  However, for metal ions with significant g and/or A 
anisotropy, then the line shapes are dependent on the rate of tumbling.  When a metal 
complex is immobilized by freezing the solution, a random distribution of metal ion 
orientation with respect to the magnetic field occurs.  The g and A values can be resolved 
by comparing with spectra of a single crystal as function of orientation of the crystal with 
respect to the magnetic field. 
 In paramagnetic solids, the spin of the unpaired electron can isotropically couple 
with the spin of an unpaired electron on a nearby metal center.  This interaction generates 
spin dynamics that average out the effects of anisotropic spin-spin interactions, thus 
narrowing the line and changing the spectrum.65  This exchange narrowing phenomenon 
was proposed by Gorter and Van Vleck,66 and significant advancements have been made 
to this theory by others.67  This phenomenon needs to be considered when studying the 
solid-state EPR spectra of Cu(II) species, the linewidth of the EPR band could be 
narrowed or broadened due to exchange interactions between two unpaired electrons on 
two Cu(II) centers that are in close proximity.  Spin-spin coupling of the unpaired 
electrons on two Cu(II) centers more readily occurs in dinuclear complexes, but can 
occur for monomeric Cu(II) complexes when the distance between the two nuclei is less 
than 10 Å in the crystal lattice.  Thus, the proximity of a Cu(II) center to another Cu(II) 
center could, in principle, be determined by the linewidth of the EPR band.   
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 Herein, EPR spectroscopy will be used to understand the geometry of 5-
coordinate TtzR1,R2Cu(II)X complexes (X = nitrite, nitrate, acetate).  The geometry of the 
complex affects the electronic properties of the Cu(II) ion and determines the 
arrangement of the Cu(II) d orbitals.  For coordination geometries corresponding to an 
elongated octahedron, a square pyramid, and square planar, the ground state is dx2−y2. 
When the geometry around a copper ion is a compressed octahedron or a trigonal 
bipyramid, the ground state is dz2.  The g-values in the anisotropic spectra can distinguish 
between dx2−y2 and dz2 ground states electronic configurations of a Cu(II) complex.  When 
the ground state is the dx2−y2, the EPR spectra are axial, with equivalent x and y axes and 
thus have two g values, g// (gz) and g⊥ (gx = gy), defined below (Equation 2-8 and 
Equation 2-9), where λ is the spin–orbit coupling constant for the Cu(II) ion and E are 
the orbital energies59:  
𝑔!   = 2.0023+ !!!!"!!!"!!!!"#   (Eq. 2-8) 
𝑔! =   𝑔!   = 2.0023+ !!!!"!!!"!!!!"#   (Eq. 2-9) 
 Importantly, the relation between the g-values of g// > g⊥ > 2.0023 is expected 
and regarded as a normal spectrum.  When the ground state is the dz2 orbital, the two g-
values, g// (gz) and g⊥ (gx = gy), are defined below (Equation 2-10 and Equation 2-11), 
where λ is the spin–orbit coupling constant for the Cu(II) ion and E are the orbital 
energies 59: 
 𝑔!   = 2.0023      (Eq. 2-10) 
𝑔! =   𝑔!   = 2.0023+ !!!!"!!!!"#  (Eq. 2-11) 
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The relation between the g-vales of g⊥ > g// = 2.0023 is expected and regarded as an 
inverse spectrum.  
 EPR spectroscopy can provide valuable information about the donor atoms with 
non-zero nuclear spin coordinated to the Cu(II) ions.  In (TtzR1,R2)Cu(II)NO2 complexes, 
significant contribution of the nitrogen atoms to the SOMO orbital results in 
superhyperfine splitting, due to spin-orbit coupling between the unpaired electron and the 
three 14N nuclei (I = 1), that can be resolved in the EPR spectra..  This is reflected in a 
splitting pattern of 7 additional lines in either the perpendicular spectrum, parallel 
spectrum, or both, depending on orientation of the N atoms around the Cu(II) center. 
 Importantly, EPR spectra are complicated due to interactions between the electron 
and surrounding nuclei, sample phase, and dynamic properties of a molecule.  Spectral 
simulations are used to gain structural information from the experimental data.  Many 
methods have been developed to simulate EPR spectra.  Herein, EPR spectra were 
simulated using SpinCount based on the g-values, coupling constants (A), and linewidths 
determined experimentally (work done by Anna Merkle, U. Michigan).  SpinCount 
allows for quantitative interpretation of EPR spectra for molecules containing transition 
metals.  Importantly, all manipulations of the spectra within SpinCount retain the 
quantitative features of the data. 
	  
2.4. Cyclic Voltammetry 
	  
 Voltammetry is a technique used to investigate the electrochemical properties of a 
species.  There are different types of voltammetric techniques, including potential step, 
linear sweep, and cyclic voltammetry.68  For each of these methods, a potential is applied 
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to an electrode and the flow of the corresponding current is examined.  Studies discussed 
in this thesis utilize cyclic voltammetry (CV).  CV is a widely used technique for 
acquiring information regarding redox reactions.  CV measures a species’ 
electrochemical potential relative to a known reference electrode. 
 The necessary elements required for obtaining a cyclic voltammogram are the 
working electrode (an inert metal such as Pt), reference electrode, auxiliary electrode, 
solvent, electrolyte in high concentrations (0.1 M) to allow current to pass, and analyte in 
low concentration (0.001 M).68  In a still solution, the potential is swept back and forth 
between two distinct values (V1 and V2) linearly with time.  When the potential of the 
working electrode is more positive than that of the species present in the solution, the 
corresponding species may be oxidized to produce an anodic current.68  Analogously, on 
the return scan, when the potential of the working electrode becomes more negative than 
the potential of the species present in solution, reduction of the species may occur to 
produce a cathodic current.68  Thus, the technique allows for a quick measurement of 
redox couples present in the solution.   
 There are well-defined features observed for reversible and irreversible 
electrochemical reactions.  For a reversible electrochemical reaction, the potential 
separation between the Epa and Epc peaks does not exceed 60 mV for a one electron redox 
process, the position of these peaks do not change as a function of scan rate, the ratio of 
the peak currents (ia/ic) is equal to one, and the peak currents are proportional to the 
square root of the scan rate.69  For an irreversible electrochemical reaction, either the 
separation between the Epa and Epc peaks exceeds 60 mV for a one electron redox process 
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or a return peak is not observed on the return sweep, and the peak position does change as 
a function of the scan rate. 69 
 Measuring the standard electrochemical potential (E1/2) can provide valuable 
thermodynamic/mechanistic information regarding a molecule’s chemical reactivity. For 
example, the Gibb’s Free Energy change (ΔG) can be determined with a known E1/2 
(Equation 2-12 and 2-13), where n is the number of electrons transferred during the 
redox process, F is Faraday’s constant, R is the gas constant, T is temperature and Q is 
the reaction quotient.70  
𝐸!! =   − !"!"   (Eq. 2-12) 𝛥𝐺 = 𝛥𝐺!! + 𝑅𝑇𝑙𝑛𝑄   (Eq 2-13) 𝑖! = 2.69×10!𝑛!/!𝐴𝐶𝐷!/!𝑛!/! (Eq. 2-14) 
 Furthermore, one can elucidate mechanistic information about a chemical redox 
process by measuring the amount of electrons transferred based on Equation 2-12, where 
n is the number of electrons transferred during the redox process (Equation 2-14), ip is 
the observed current, where A is the electrode surface area (cm2), C is the concentration 
of thte solution (M), and D is the diffusion coefficient (cm2s-1). 
 For this work, CV is used to determine the chemical reductant to be used for 
reducing (TtzR1,R2)Cu(II)NO2 species in order to generate NO(g) under acidic conditions.  
Importantly, the redox potential of Cu(II/I) is dependent on the donor strength of the 
supporting ligand.  If a Cu(II) center is supported by a strongly electron-donating ligand, 
then the Cu(II) center is electron-rich and the reduction potential will be low.  On the 
contrary, if a Cu(II) center is supported by a weakly electron-donating ligand, then the 
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Cu(II) center is electron-poor and the reduction potential will be high.   Thus, the 
reductant used for reducing a (TtzR1,R2)Cu(II)NO2 species is dependent on the electron-














































 Due to the facial motif of three histidine residues bound to a metal-center in many 
enzymes, metal complexes designed for enzymatic modeling contain supporting ligands, 
tris(3-R1-5-R2-1,2-pyrazolyl)hydroborate (TpR1,R2) and tris(3-R1-5-R2-1,2,4-
triazolyl)hydroborate (TtzR1,R2) shown in Figure 3-1.13, 71  The robust nature of these 
ligands derives from their facial coordination and ease in steric modification at the metal 
center.  Tp ligands have a ubiquitous presence in the literature, with more than 2000 
papers published on research involving over 70 elements supported by TpR1,R2.72  Less 
bulky TpH,H and TpMe2 ligands generally support homoleptic bis ligand transition metal 
complexes.73  Therefore, bulky TpR1,R2 ligands are necessary for isolating low-coordinate 
metal complexes that are worthwhile for biomimetic and organometallic chemistry.71  
Consequently, research on the modulation of TpR1,R2’s steric and electronic properties led 
to the development of many bulky TpR1,R2-derivatives that support low-coordinate 
transition metal complexes that have been shown to catalyze various organic 
transformations, including the hydration of CO2, but under nonaqueous conditions.71, 74   
 Tp complexes have poor water-solubility rendering them unsuitable for modeling 
hydrophilic enzymes.  While charged groups on the Tp-backbone, such as sulfonates, can 
be used to improve water-solubility, these groups can compete with the pyrazole N-
donors and bind to the metal center, changing the coordination geometry.54c, 75  R-groups, 
such as pyridines, capable of accepting H-bonds have been positioned at the 3-position on 
the pyrazolyl rings to improve solubility in alcohol/water mixtures; however, limitations 
of this model include the labile ZnOH moiety when in solution and the sensitivity of the 
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B-N bonds toward hydrolysis.76  Therefore, Papish et. al. sought to use 
tris(triazolyl)borate (Ttz) ligands for developing water-soluble metal complexes (Figure 
3-1a).  TtzR1,R2 ligands have an additional nitrogen in each triazole ring available for 
accepting hydrogen bonds and enhancing the water-solubility while still allowing for the 
formation of N,N,N metal complexes.14, 46, 51, 77  Similar to TpR1,R2, these ligands can be 
sterically and electronically modified to support low coordinate metal centers capable of 
facilitating organic transformations. 
 
Figure 3-1:  Illustration of (a) Ttz and (b) Tp. 
 
 Over the years, TtzR1,R2 ligands have garnered significantly less attention than 
TpR1,R2 ligands.  Only unsubstituted triazoles and 3,5-dimethyltriazoles were used to 
build the TtzR1,R2 ligands, TtzH,H and TtzMe2, that support homoleptic bis ligand 
complexes and 6-coordinate (TtzR1,R2)MoO2Cl complexes.73, 78  Most of these complexes 
are not well suited for modeling four or five coordinate metal centers and are not well 
suited for facilitating organic transformations..  Within the last six years, Papish et al. 
have synthesized two bulky Ttz-derivatives, TtzPh,Me and TtztBu,Me, which are capable of 
supporting low-coordinate transition metal complexes.14, 46, 77a-c  Furthermore, the bulky 
TtzR1,R2 ligands and their corresponding transition metal complexes are soluble in 
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methanol and aqueous containing environments, rendering them suitable for modeling 
hydrophilic enzymes.77a   
 TtztBu,Me supports several four or five coordinate transition metal centers that 
model several bio-relevant metal complexes.55  While TtzPh,Me can support four or five 
coordinate complexes, it has a higher tendency to form sandwich complexes with 
divalent transition metals.79  Despite the bulk of the tBu-group, the solid-state crystal 
structures of several of these complexes show H-bonding interactions between a water 
molecule and the N4 atom.14, 46  Furthermore, some of these complexes are stable under 
acidic conditions.46  In most cases, the geometry at the metal center is similar to the Tp-
analog, but in a few instances a higher coordination number is observed at metal centers 
supported by Ttz.46, 77a  This is in part due to the weaker electron donating properties of 
the metal center that was made evident by comparing vCO’s of TtztBu,MeCuCO with 
TptBu,MeCuCO.14  
 Despite the success with these bulky ligands, there are limitations to their 
chemistry:  1) TtzPh,Me has a high tendency to form homoleptic bis ligand complexes with 
divalent transition metals and 2) TtztBu,Me is too sterically hindered to allow for isolation 
of catalytic MOH species.13  As discussed in this Chapter, new intermediately bulky Ttz-
derivatives, TtziPr2 and TtziPr,Me were synthesized in an attempt to overcome these 





Figure 3-2:  Series of TtzR1,R2 developed by Papish et al, in order by steric bulk. 
 
3.2. Results and Discussion 
 
 3-isopropyl-5-methyl-1,2,4-triazole (HtziPr,Me) and 3,5-diisopropyl-1,2,4-triazole 
(HtziPr2) were synthesized by their corresponding literature procedures.80  KTtziPr,Me (3-1) 
and KTtziPr2 (3-3) were synthesized by combining a 5.8:1 molar ratio of HtzR1,R2 and 
KBH4 between 210-220oC under an inert atmosphere for several hours.  The product was 
purified by subliming off the excess HtzR1,R2.  NaTtziPr2 (3-4) was synthesized from 
combining a 5.8:1 molar ratio of HtzR1,R2 and NaBH4 at 220oC under an inert atmosphere 
for several hours.  The product was purified by subliming off the excess HtzR1,R2.  
TlTtziPr,Me (3-2) and TlTtziPr2 (3-5) were synthesized from allowing a 1:2 molar ratio of 
KTtzR1,R2 to react with TlNO3 in methanol and water.  A list of ligands discussed herein 
is given in Table 3-1.  All ligands were characterized by NMR, CI-MS and IR.  KTtziPr2 
crystallized from methanol layered with methylene chloride and was characterized by X-
ray crystallography and elemental analysis (EA). 
Table 3-1:  List of all ligands by name and number. 





















Most Bulk                Less Bulk 
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3.2.1. Synthesis of TtziPr,Me 
 
 The reaction of HtziPr,Me with KBH4 afforded KTtziPr,Me (3-1), which was purified 
by sublimation (Scheme 3-1) HtziPr,Me.  The solids were determined to be free of organic 
impurities by 1H-NMR, IR, and CI-M.S.  IR detected a broad B-H stretch at 2413 cm-1, 
which is within the expected range of a B-H stretch.  High resolution CI-MS detected a 
molecular ion peak at 423.244931 m/z, which matches the predicted value of 423.243256 
m/z and the predicted isotopic pattern.  The 1H-NMR spectra were collected in d1-
chloroform and d6-DMSO, where proton resonances corresponding to the unique 
hydrogens on the triazolyl rings were observed.  Notably, in both spectra there were 
multiple resonances corresponding to the three unique hydrogens on the ligand.  This 
suggests that a bond between boron and the N2-atom formed to relocate the isopropyl 
group to the 5-position occurred when HtziPr,Me was allowed to react with KBH4, resulting 
in a mixture of regioisomers (Figure 3-3).81   
 Typically, the bulkiest substituent occupies the 3-position when there is a 
significant difference in the size of the 3- and 5-substituents, and relocation of the bulky 
substituent occurs during the formation of a homoleptic bis ligand complex to relieve 
steric strain (as seen with (TtzPh,Me)2M).79, 81a  However, since isopropyl and methyl are 
similar in size, the 3-position is not exclusively occupied by iPr-groups.  This behavior 
was observed during the synthesis of KTpiPr,Me, where around 80 % of the ligand had all 
three iPr-groups in the 3-position and 20% of the ligand had presumably one pyrazole 
ring with iPr in the 5-position.81b  From integration of the peaks corresponding to 3-1, the 
two isomers are present at around 75% and 25% yields.  Thus there is a lack of 
regioselectivity observed when synthesizing KTtziPr,Me. 
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Figure 3-3:  Proposed regioisomers formed from a boratropic rearrangement that occurs during the 
synthesis. 
 
 In an attempt to separate the ligand isomers, the potassium cation was replaced 
with thallium followed by slow recrystallization, a method proposed by Trofimenko.81b  
Ligand 3-1 was mixed with TlNO3 to afford TlTtziPr,Me  (3-2) in 45% yield.  The 1H-NMR 
was collected in d6-DMSO, where proton resonances corresponding to the unique 
hydrogens on the triazolyl rings were shifted when compared to KTtziPr,Me.  As observed 
previously, there were multiple resonances corresponding to the 3 unique hydrogens.  































the isomers was not.  IR detected a vBH at 2444.77 cm-1, and CI-MS detected a molecular 
ion peak at 590.262 m/z, which matches the predicted value and isotopic pattern.  The 
presence of multiple TtziPr,Me isomers will presumably lead to complications during metal 
complexation and purification.  Reactivity of K and Tl-derivatives of TtziPr,Me with first-
row transition metal complexes will be discussed in Chapters 7.  In order to avoid the 
formation of regioisomers, synthesis of a different ligand with intermediate steric bulk 
was pursued. 
3.2.2. Synthesis of TtziPr2 
 
 Presumably, replacing the Me-group in the 5-position with an iPr-group will 
prevent ligand rearrangement.  The reaction of HtziPr2 with KBH4 afforded KTtziPr2 (3-3), 
which was purified by sublimation (Scheme 3-2) HtziPr2.  The solids were determined to 
be free of organic impurity by NMR, IR, and M.S.51  After 1 week of subliming at 140oC, 
the sample was 98% pure by 1H-NMR.  Ligand 3-3 crystallized in methanol layered with 
methylene chloride and the crystals were analyzed by X-ray crystallography and 
elemental analysis.   
















 The X-ray crystal structure is refined to a dimer with two K+ centers bridged by 
two H3O+ centers (Figure 3-4).  However, there could be either two H3O+ cations bound 
to [TtziPr2]- or one K+ and one H3O+ bound to [TtziPr2]-.  The [TtziPr2]- anion is intact, but 
40% of the cations are K+ and 60% are H3O+.  The cations are easily distinguished by 
their electron densities.  Figure 3-4 shows half of a dimer that contains a K+ center 
bridged by two H2O water molecules.   
 
 
Figure 3-4:  Ortep diagram of ligand 3-3 dimer with hydrogens omitted for clarity (K =purple, O = red, N= 










Table 3-2:  Bond lengths and angles corresponding to ligand 3-3. 
Bond Lengths (Å)  Bond Angles (°) 
(TtziPr2K)(OH2)2 (3-3)   
K-N2 2.852(4)  N2-K-N5 69.3(1) 
K-N5 2.836(5)  N2-K-N8 78.6(1) 
K-N8 2.773(5)  N2-K-O1 152.2(3) 
K-O1 2.54(1)  N2-K-O2 119.1(2) 
K-O2 3.06(1)  N5-K-N8 72.1(1) 
  N5-K-O1 87.4(3) 
  N5-K-O2 171.4(3) 
  N7-Cu-O2 167.00(8) 
  N8-K-O1 109.4(3) 
  N8-K-O2 106.7(2) 
  O1-K-O2 84.9(3) 
  
The CI-MS detected a molecular ion peak at 508.3467 m/z, which matches the predicted 
value of 508.3450 m/z and the predicted isotopic pattern corresponding to KTtziPr2.   The 
1H-NMR was collected in d1-chloroform, where proton resonances corresponding to the 
unique hydrogens on the triazolyl rings were observed.  13C-NMR was collected in d1-
chloroform, where six carbon resonances corresponding to the unique carbons on the 
triazolyl ring were observed.  IR detected a B-H stretch at 2467 cm-1.  Collectively, this 
data suggests that synthesis of KTtziPr2 was successful. 
 A cheaper alternative to synthesizing TtzR1,R2 is to substitute potassium with 
sodium.  The reaction of HtziPr,Me with NaBH4 afforded NaTtziPr2 (3-4) which was 
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purified by sublimation of HtziPr2.  These solids were determined to be free of organic 
impurity by 1H-NMR.  The 1H-NMR and 13C-NMR spectra were collected in d1-
chloroform, where a shift in the proton and carbon resonances, when compared to 
KTtziPr2, was observed.  IR detected a B-H stretch at 2517 cm-1 and CI-MS detected a 
molecular ion peak at 492 m/z.  Synthesis of NaTtziPr2 was successful suggesting that a 
cheaper route for synthesizing TtziPr2 can be pursued.   
 A technique used in the Tp-literature for facilitating the purification of KTpiPr2 is 
replacement of the potassium cation with thallium.31  Evidently, replacement of 
potassium with thallium has shown to change the solubility of the ligand, where it 
becomes more soluble in nonpolar or aprotic solvents.46, 77d  KTtziPr2 was mixed with 
TlNO3 to afford TlTtziPr2 (3-5) in 85% yield.  The 1H-NMR was collected in d1-
chloroform, where proton resonances corresponding to the unique hydrogens on the 
triazolyl rings were observed and were shifted when compared to KTtziPr2.  IR detected a 
BH stretch at 2538 cm-1, and high resolution CI-MS detected a molecular ion peak at 
673.3480 m/z, which matches the predicted value of 673.35 m/z and the predicted isotopic 
pattern.   This suggests that the replacement of K+ with Tl+ was successful.   
 Importantly, the solubility properties of KTtziPr2 and NaTtziPr2 are retained in 
methanol/ aqueous environments, when compared to KTtzPh,Me and KTtztBu,Me, and have 
implications for supporting transition metal complexes under biological conditions.  
Reactivity of Na, K, and Tl-derivatives of TtziPr2 with first-row transition metal 






 Multiple salt derivatives of two novel scorpionate ligands with intermediate bulk 
were synthesized.  These ligands were characterized by NMR, IR, and CI-MS.  During 
the synthesis of KTtziPr,Me, boron formed a bond with the N2-atom of one triazole ring to 
relocate the isopropyl group to the 5-position when HtziPr,Me was allowed to react with 
KBH4, resulting in a mixture of regioisomers (Figure 3-3).81  This occurred because there 
is not a significant disparity between the size of the isopropyl versus the methyl groups, 
the 3-position is not exclusively occupied by iPr-groups.81b  To avoid the synthesis of 
regioisomers, TtziPr2 was pursued.  
 The potassium derivative of TtziPr2 crystallized in methanol layered with 
methylene chloride and was analyzed by X-ray crystallography.  These are the first 
scorpionate ligands of the Ttz-type to have intermediate steric bulk.  Importantly, the 
solubility properties of these ligands are preserved in methanol/ aqueous environments 
when compared to KTtzPh,Me and KTtztBu,Me.  Thus, these ligands could support transition 
metal complexes capable of modeling bio-relevant complexes under biological conditions. 
Transition metal complexes supported by these ligands and their corresponding 




3.4.1. General Methods 
 
 Synthesis of HtzR1,R2, KTtzR1,R2, and NaTtziPr2 were performed under an 
atmosphere of dry nitrogen using standard Schlenk techniques and an M. Braun UNILAB 
glove-box when necessary.  All chemicals were purchased from Aldrich and were used 
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without further purification.  HtziPr,Me, HtziPr2, and KTtziPr2 were prepared according to 
their literature procedures.51, 80  IR spectra were recorded on a Perkin-Elmer Spectrum 
One Fourier-transform IR absorption spectrophotometer.  1H-NMR spectra were recorded 
on a Varian 500 MHz spectrometer.  Chemical shifts are reported relatively to the 
solvent’s residual protons’ peak.  High-resolution mass spectrometry was performed on 
VG70SE double focusing, triple quadruple mass spectrometer equipped with CI 
ionization capability.   
3.4.2. Synthesis of KTtziPr,Me (3-1) 
 
 The procedure for synthesis of this ligand is identical to the procedure for 
synthesis of KTtztBu,Me .77a   HtziPr,Me (4.01 g, 3.21 mmol) and KBH4 (0.305 g, 5.66 mmol) 
were combined under N2  and the solids were heated to 210oC for several hours.  Excess 
triazole was sublimed and the remaining solids were stirred in hexanes to remove grease 
(KTtziPr,Me, 2.279 g, 5.39 mmol, 95% yield).  1H-NMR (d1-CDCl3, 500 MHz): δ1.15 (d, 
18H, iPr-CH3), 1.18 (d, 18H, iPr-CH3), 1.19 (d, 18H, iPr-CH3), 1.33 (d, 18H, iPr-CH3), 
2.41 (s, 9H, CH3), 2.43 (s, 9H, CH3), 2.44 (s, 9H, CH3), 3.08 (m, 3H, HC(CH3)2); 1H-
NMR: (500 MHz, d6-DMSO): δ1.12 (d, 18H, iPr-CH3), 1.15 (d, 18H, iPr-CH3), 2.12 (s, 
9H, CH3), 2.26 (s, 9H, CH3), 2.72 (m, 3H, HC(CH3)2), 2.82 (m, 3H, HC(CH3)2); IR: 2413 
cm-1 (B-H); CI-MS m/z = 423.244931 [M+1]+ (calc = 423.243256).  A suitable elemental 
analysis was not obtained; KTtz ligands are typically contaminated with 1-3% unreactive 





3.4.3. Synthesis of TlTtziPr,Me(3-2) 
 
 The procedure for the synthesis of this ligand is identical to the procedure for the 
synthesis of TlTtztBu,Me.77d  KTtziPr,Me (0.398 g, 0.940 mmol) was dissolved in methanol. 
TlNO3 (0.251 g, 0.942 mmol) was dissolved in DI-water and added to the KTtziPr,Me 
solution.  After stirring 96 hrs, the solvents were removed by rotary evaporation.  The 
product was extracted in methylene chloride and filtered.  The methylene chloride was 
removed to give TlTtziPr,Me (0.530 g, 0.427 mmol, 45% yield)  1H-NMR (d6-DMSO, 500 
MHz):  δ 1.08 (d, 18H, iPr-CH3), 1.12 (d, 18H, iPr-CH3), 1.15 (d, 18H, iPr-CH3), 1.20 (d, 
18H, iPr-CH3),2.03 (s, 9H, CH3), δ 2.22 (s, 9H, CH3), 2.27 (s, 9H, CH3), 2.91 (m, 3H, 
HC(CH3)2), 3.08 (m, 3H, HC(CH3)2), 3.20 (m, 3H, HC(CH3)2); IR: 2444.77 cm-1 (B-H), 
CI-MS:  590.262222 m/z (calc = 590.261783). 
3.4.4. Synthesis of KTtziPr2(3-3) 
 
 HtziPr2 (5.01 g, 32.7 mmol) and KBH4 (0.305 g, 5.64 mmol) were combined under 
N2 and the solids were heated to 220oC for several hours.  Excess triazole was sublimed 
and the remaining solids (2.279 g, 4.5 mmol, 80% yield) were stirred in hexanes to 
remove grease. 1HNMR (500 MHz, CDCl3):  δ 3.40 (m, 3 H, CH(CH3)2), 2.99 (m, 3 H, 
CH(CH3)2), 1.22 (d, 18 H, iPr-CH3), 1.18 (d, 18 H, iPr-CH3); 13CNMR: (300 MHz, 
CDCl3):  δ 21.59 (2 C, CH3-iPr), 22.38 (2 C, CH3-iPr), 26.64 (1 C, CH-iPr), 28.51 (1 C, 
CH-iPr), 166.27 (1 C, C-tz), 168.13 (1 C, C-tz); IR: 2479 cm-1 (BH); CI-MS m/z = 
508.3467 [M+H]+ (calc = 508.344981); Anal. Calcd for KBC24N9H43(H3O)2: C, 49.29; H, 




3.4.5. Synthesis of NaTtziPr2 (3-4) 
  
 HtziPr2 (4.97g, 32.5 mmol) and NaBH4 (0.213 g, 5.6 mmol) were combined.  The 
reaction flask was equipped with an H2 valve, N2 adapter and a thermometer. The solids 
were heated to 220oC for several hours. Excess triazole was sublimed and the remaining 
solids (1.73 g, 3.52 mmol, 63% yield) were stirred in hexanes to remove grease. 1HNMR 
(500 MHz, CDCl3):  δ 3.571 (m, 3 H, CH(CH3)2), 2.909 (m, 3 H, CH(CH3)2), 1.27 (d, 18 
H, iPr-CH3), 1.20 (d, 18 H, iPr-CH3); 13CNMR: (300 MHz, CDCl3):  δ 22.135 (2 C, CH3-
iPr), 22.257 (2 C, CH3-iPr), 26.591 (1 C, CH-iPr), 28.330 (1 C, CH-iPr), 165.998 (1 C, C-
tz), 168.103 (1 C, C-tz); IR: 2517 cm-1 (BH); CI-MS m/z = 492.371 [M+H]+. 
3.4.6. Synthesis of TlTtziPr2 (3-5) 
 
 The procedure for the synthesis of this ligand is identical to the procedure 
previously described for TlTtziPr,Me.77d  To a solution of KTtziPr2 (0.100 g, 0.197 mmol) in 
methanol was added a solution of TlNO3 (0.074 g, 0.276 mmol) in DI-water.  After 
stirring for 24 hours, the solvents were removed under vacuum and the resulting white 
powder was dissolved in methylene chloride.  The solution was filtered to remove KNO3 
salts.  The solvent was removed under vacuum to produce white solids (0.112 g, 0.166 
mmol, 85% yield).  1HNMR (500 MHz, CDCl3):  δ 3.53 (m, 3 H, CH(CH3)2), 3.15 (m, 3 
H, CH(CH3)2), 1.35 (d, 18 H, iPr-CH3), 1.30 (d, 18 H, iPr-CH3); IR:  2538 cm-1(BH); CI-










Table 3-3:  Cyrstallographic data for ligand 3-3.  Experiments were carried out at 100 K  with Mo 
Ka radiation using a Bruker AXS SMART APEX CCD diffractometer. Data collection used w scans. H-







space group Triclinic, P-1
a, b, c (Å) 9.336(2), 10.730(3), 15.415(3)




Dx (Mg m-3) 1.149
No. of reflections for 
cell measurement
1826





Crystal size (mm) 0.41 x 0.39 x 0.31
Radiation source Fine-focus seal tubed
Monochromator Graphite Multi-scan
Absorption 
correction Apex 2 v2011.2-0 (Bruker, 2011)
 Tmin, Tmax 0.6990, 0.7463
No. of measured, 
independent and 
observed [I > 2σ(I)] 
reflections 27869, 9382, 7143
Rint 7143
min. and max. 2Θ 1.33, 31.83
Range of h, k, l h = -13 ≤ 13, k = -15 ≤ 14, l = -21 ≤ 22
R[F2 > 2s(F2)], 
wR(F2), S 0.0685, 0.1332, 1.04
No. of reflections 9382
No. of parameters 416
No. of restraints 23
Drmax, Drmin (e Å-3) 0.400,340.272
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 Modulation of a metal’s electronic properties through ligand coordination is a key 
focus in bioinorganic and organometallic chemistry.4, 82  As mentioned previously, Ttz 
contains three azole rings with a 4th position nitrogen (N4) while in Tp, the 4th position is 
a C-H group (Figure 4-1).13  Exchange of the N4 atom in place of a C-H group 
introduces an exodentate binding mode not available in Tp ligands.13  In addition to the 
ability of Ttz as a ligand to chelate metals through both N2 and N4, Ttz is also able to 
interact with water molecules through H-bonds.83  Notable structural13, 46 differences 
could be a result of a change in the electronic property of Ttz due to the H-bound N4 
atom.  Electronic modulation of a metal-center is a biological technique that has 
implications for developing enhanced organometallic catalysts for C-H activation.  Thus 
Ttz and Tp organometallic complexes of copper were investigated. 
 
Figure 4-1:  Binding modes of (a) Ttz and (b) Tp. 
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 Several techniques are available for studying the electronic properties of metal 
complexes, including: infrared spectroscopy (IR), Raman/resonance Raman spectroscopy, 
UV-visible spectroscopy (UV-vis), electron paramagnetic resonance spectroscopy (EPR), 
and cyclic voltammetry (CV).  For this study, IR spectroscopy was used to investigate the 
protonation of the N4-atom in solution by measuring the electron density of Ttz copper 
complexes, (Ttz)CuCO (Figure 4-2).51  Computational studies were then used to 
determine the overall net sigma donation of the Ttz ligand by measuring the Cu-N2 atom 
bond distances.51   
 
Figure 4-2:  General structure of (TtzR1,R2)CuCO. 
 
 Carbon monoxide binds strongly to a metal because, in addition to its σ-bond, it 
has an empty π* orbital that participates in backbonding with a filled metal-d orbital.84  
The amount of electron density donated into the π* orbital determines the strength of the 




Figure 4-3:  Illustration of backbonding from Cu(I) to CO. 
 
 Carbonyl complexes exhibit strong diagnostic IR stretches as shown in Table 4-1.  
The location of the vCO stretch indicates the strength of the CO bond as a result of the 
electron density on the metal center.  Therefore, the carbonyl stretch is often used as a 
probe for measuring the amount of electron density on the metal center.  The amount of 
electron density on a metal is often influenced by the supporting ligands.  More electron-
donating ligands weaken the CO bond, while less electron-donating ligands strengthen 
the CO bond.  For example, TpMe2CuCO has a vCO of 2066 cm-1.85  When the alkyl 
groups are replaced with fluorinated groups to form TpCF3,CF3CuCO (the steric properties 
are similar), the vCO is increased to 2137 cm-1.86  Therefore, the vCO is suggestive of the 
donating strength of the ancillary ligand and will be used for this study. 
Table 4-1:  Observed vCO for several CuCO species. 
Compound Name vCO (cm-1) Ref. 
Nitrite reductase w/CO 2050 87 
TpiPr2CuCO 2056 88 
TpMe2CuCO 2066 85a,85b 
TptBuCuCO 2069 89 
TpmtBuCuCO(PF6) 2100 86 
TpmiPr2CuCO(PF6) 2109 88 
TpBr3CuCO 2110 90 
TpmMe2CuCO(PF6) 2113 88 
TpCF3,CF3CuCO 2137 86 
TtzCF3,CF3CuCO 2138 91 
Free CO 2143 92 
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4.1. Results and Discussion  
 Ttz ligands are weak net donors compared to Tp ligands with similar R-groups 
(yet both stronger pi acceptors and stronger sigma donors).79,14, 55  It is proposed that the 
net donor properties can be tuned through protonation or hydrogen bonding since notable 
structural changes may occur when Ttz is H-bound to water.46  This theory is checked by 
IR spectroscopy and the data is interpreted by using computational methods.  The effect 
of hydrogen-bonding or protonation on Ttz’s electronic properties is reported for 
(TtztBu,Me)CuCO (4-1) and (TtziPr2)CuCO (4-2) by measuring vCO under neutral and acidic 
conditions.  A list of complexes and protonation states assessed is given in Table 4-2. 
 
Table 4-2:  List of Ttz complexes and protonated states by name and number. 
Ttz Species Compound Number H+: Cu 
(TtztBu,Me)CuCO 4-1 0.0 
[(TtztBu,Me)CuCO]2H+ 4-1a 0.5 
[(TtztBu,Me)CuCO]H+ 4-1b 1.0 
[H(TtztBu,Me)CuCO]2H+ 4-1c 1.5 
[(TtztBu,Me)CuCO]2H+ 4-1d 2.0 
(TtziPr2)CuCO 4-2 0.0 
[(TtziPr2)CuCO]2H+ 4-2a 0.5 
[(TtziPr2)CuCO]H+ 4-2b 1.0 




4.1.1. Vibrational Spectroscopy. 
 
 Infrared spectroscopy is used to study molecules that contain functional groups 
that absorb radiation with the same energy as the vibrational transitions that occur in the 
bond.52  The energy is dependent on the molecular potential energy, atomic masses, and 
vibronic coupling.  For a molecule to be considered IR “active”, a change in the 
molecule’s dipole moment must be associated with its vibrational modes.  Depending on 
a molecule’s symmetry, there are many different vibrational modes it can undergo, where 
the total electronic energy of a molecule changes as the internucluear distance varies.  
The simplest approximation assumes that the bond behaves as a spring, where the 
restoring force is determined by Hooke’s Law (Equation 4-1) and energies of the 
quantized vibrational energy levels are determined from solving Schrodinger’s Equation 
(Equation 4-2).52 
F= k(Q0-Q)   (Eq. 4-1) 
Ev = hv(v+1/2)   (Eq. 4-2) 
 In this study, vibrational spectroscopy was used to measure the vCO stretch under 
neutral and acidic conditions to observe any changes in the electron-density on the Cu(I) 
center.  There are several protonated states of (TtzR1,R2)CuCO that can be predicted to 
form based on the basicity of Ttz’s N4-atoms (Figure 4-4).  The Multifit software (with 
help from Jonathan Soffer) was used to decompose the experimental vCO band profiles 
into sub-bands and DFT calculations (done by Ashley B. McQuarters at U. of Mich.) 







Figure 4-4:  Illustration of the proposed protonated states of (TtzR1,R2)CuCO formed after adding 3 
equivalents of acid.  The species with 3H+ was not observed experimentally.  
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4.1.1.1. Vibrational Spectroscopy of (TtztBu,Me)CuCO as a function of 
[HBF4] 
 
 (TtztBu,Me)CuCO (4-1) was prepared from mixing a solution of KTtztBu,Me in THF 
with a solution of Cu(I)Cl in THF at a 1:1.5 mole ratio.14  The solution of what is 
presumably (TtztBu,MeCu)n was purged with CO(g) for several hours.  The solid phase of 
complex 4-1 was characterized by ATR-FTIR (work initially done by Trisha Donahue 
and Dr. Elizabeth Papish).  Complex 4-1 has a vCO of 2080 cm-1 which is ~20 cm-1 higher 
than the value observed for (TptBu,Me)CuCO.14   
 In the presence of water, complex 4-1 is observed to H-bond through the 
interaction of the N4 atom with a water molecule (work done by Trisha Donahue and Dr. 
Elizabeth Papish), Figure 4-5.14  Solid phase ATR-FTIR of complex 4-1H2O14 exhibits 
a negligible shift of less than 1 cm-1 for vCO.  Furthermore, DFT calculations (performed 
by Ashley B. McQuarters) predicted a small upshift (2051cm-1 to 2052 cm-1) in vCO for 4-
1H2O (Table 4-4).51  
 
              (a)       (b) 
Figure 4-5:  (a)  DFT model of [TtztBu,MeCuCO]H2O (N = blue, Cu= orange, O =red, B= pink, C/H = grey). 
(b) ortep diagram of [TtztBu,MeCuCO]H2O, hydrogens on Ttz are omitted for clarity (N= blue, Cu= green, 
O= red, B= pink, C = black). 
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Density Functional Theory (DFT) Calculations.  For all calculations, the model complexes 
were optimized using the BP86 f nctional6,7 and the TZVP basis set.8,9  The crystal structure of 
the pseudo-tetrahedral complex TtztBu,MeCuCO (1) was used as a starting point for geometry 
optimizations of the protonated species.2 Vibrational frequencies have been calculated for all 
structures show ng no imaginary frequencies. B3LYP/TZVP single point calculations on the 
fully optimized BP86/TZVP structures were employed to determine relative energies (see Table-
S3). All geometry optimizations and single point energy calculations were performed with the 
program package Gaussian 03.10 In all Gaussian calculations, the convergence was reached when 
the relative change in the density matrix between subsequent iterations was less than 1x10-8. The 
optimized structures for 1!H2O and the alternative monoprotonated species are given in Figure-
S3.  The resulting data is given in Table-S3 and the empirical correlation between theory and 
experiment is given in Table-S4. The cartesian coordinates for all optimized structures are given 



























Figure S3:  Optimized structures of the singlet states of (TtztBu,Me)CuCO with a H2O molecule 
H-bound to the 4-position nitrogen atom (N4) of one triazolyl ring (A), protonation of the N4 
nitrogen atoms of all three triazole rings (B), alternative structures of the mono-protonated 
species, including: protonation of the Cu-bound nitrogen of the triazolyl ligand, leading to a 
broken Cu-N bond (C), and protonation of the borate atom, leading to a broken B-N bond of the 
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 Since a hydrogen-bonding interaction between N4 and a water molecule resulted 
in a negligible change in the electronic properties of Ttz, influence of protonation at the 
N4 atom on Cu(I)’s electron density was investigated.  Vibrational studies in dry 
methylene chloride were used with a range of acids, varying in pKa from -7 to 16 (in 
water), Table 4-3.  
Table 4-3:  The observed vCO of TtztBu,MeCuCO in the presence of various acids (TFE = Trifluoroethanol). 
  Observed vco 
  Strong 
Acid 
Acid Weak Acid Weaker Acid Control 
  HCl* HBF4 Et2O HCOOH NO2-phenol TFE EtOH Ether 








0.5 - 2098 2086 2084 2084 2084 2086 
1 - 2105 2096 2085 2084 2084 2084 
2 - 2117 2098 2085 2085 2084 2084 
3 - 2117 2098 2086 2086 2085 2084 
* TtztBu,MeCuCO decomposed in presence of HCl. 
 
 Acids, with a pKa ranging from -7 up to 16 (p-nitrophenol, trifluoroethanol, and 
ethanol) measured in water, were titrated into a solution of 4-1 in dry methylene chloride. 
Slight changes of 1-2 cm-1 for vCO was measured by FTIR spectroscopy (Table 4-3).  
These acids are too weak to protonate TtztBu,MeCuCO and engage in weak hydrogen 
bonds as observed with water.  HBF4 and formic acid (pKa = -0.4 and 3.7, measured in 
water) resulted in the observation of several well-defined protonation states.  The 
investigation of the protonated species will be discussed.  
 HBF4  Et2O was systematically added in increasing increments up to 3 mole 
equivalents to 4-1 in methylene chloride (Figure 4-6) and spectroscopic data were 
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collected after each addition of acid.51  The CO stretch shifts gradually from 2086 cm-1 up 
to 2117 cm-1, for a Δv of 31 cm-1.  Replacing acid with ether alone to 4-1 in CH2Cl2 
causes no apparent change in vCO, suggesting that the above shifts are caused by the 
interaction of [H+] with the N4 nitrogen and is not a result of solvent effects.  Adding 
acid results in spectral changes that are consistent with the formation of four protonation 
states (Figure 4-7).  The apparent gradual shift in the vCO reflects an intensity 
redistribution between the four overlapping sub-bands corresponding to the protonated 
species (Figure 4-6).  
 
 
Figure 4-6:  (a) The stacked plot shows the change of peak position and profile of the band assigned to the 
CO stretching vibration of complex 4-1 with increasing equivalents of HBF4  Et2O.  (b) Fractional 
intensities of Voigtian vCO sub-bands plotted as a function of HBF4  Et2O equivalents.  The sub-bands 
















Figure 4-7:  Illustration of the four protonated species observed experimentally.  Further evidence comes 
































 The broad feature at 2098 cm-1 that reaches maximal intensity at 0.5 equiv H+ is 
assigned to a proton bridged dimer [(TtztBu,Me)CuCO]2H+ (4-1a).  In the experimental IR 
spectrum, the band at 2098 cm-1 is quite broad and could represent one or two bands that 
are 2-5 cm-1 apart.  The latter explanation is favored as it fits with the computational 
results.  Results from DFT calculations yield the structure shown in Figure 4-8 with two 
uncoupled CO stretching modes of roughly equal intensity at 2065 and 2073 cm-1 (Table 
4-4).  Notably, the N-H+N hydrogen bonding is asymmetric, with the H+ closer to one 
triazolyl ring (Figure 4-8).   
 
Figure 4-8:  Optimized structure of the singlet state of [TtztBu,MeCuCO]2H+ (4-1a). 
 
 This produces two distinct stretching frequencies for the two CO oscillators of 4-
1a.  Once computational Δv values going from 4-1 to 4-1a are scaled by a factor of 0.65 






Table 4-4:  Important structural and spectroscopic parameters for the singlet ground states of [Cu(L)CO] complexes (L=TtztBu,Me). 





[Cu(L)CO] 2051 525 2.090 2.093 2.085 0 0 
















[Cu(L)CO]H+ 2077 467 2.290 2.042 2.042 -240.5 -242.7 
[Cu(L)CO]H2+ 2103 403 2.175 2.023 2.170 -425.6 -429.5 
[Cu(L)CO]H3+ 2126 334 2.127 2.127 2.127 -555.2 -561 
[Cu(CO)L]H+   
Cu-N bond broken 2097 468 3.375 2.010 1.990 -233.6 -236.7 
[Cu(CO)L] H+  
B-N bond broken 2086 422 2.093 2.146 2.135 -214.5 -219.9 
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Table 4-5:  Comparison of experimental and theoretically calculated values for vCO ( cm-1). 
Species vexpt Δ vexpt Vcalc Δ vcalc Adj, Δ vcalc c 












H[Cu(CO)L]+ 2105 19 2077 26 16.9 
[HCu(CO)L]2H+,a 2115 29 - - - 
H2[Cu(CO)L]2+ 2117 31 2103 52 -3.8 
H3[Cu(CO)L]3+, b  - 2126 75 48.8 
a DFT was not performed on this species, its proposed structure is described in the text. 
b Not observed experimentally. 
c [Adjusted value of Δvcalc] = 0.65 x Δ vcalc; scaling factor of 0.65 is from Σ Δ vexpt /ΣΔ 
vcalc. 
 
 As the quantity of HBF4  Et2O is further increased to 1 equivalent, the sub-bands 
assignable to 4-1 disappear and a new band appears at 2105 cm-1 which reflects the 
formation of H[(TtztBu,Me)CuCO]+ (4-1b).  The mono-protonated complex shows a strong, 
broad N-H IR band at 3220 cm-1 and protonated triazolyl ring modes at 1610 cm-1 and 
1547 cm-1.  These modes are shifted significantly from the starting material and are 
consistent with spectroscopic studies of 1,2,4-triazolium ions.93  Therefore, at 1 equiv. of 
H+, complex 4-1, (TtztBu,Me)CuCO, is protonated, which shows that HBF4  Et2O is a 
distinctively stronger acid than 4-1b (Figure 4-10).  Isolation of this species was 
attempted using HBArF (derived from sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate, NaBArF) as the proton source, where presumably the 
bulky BArF counter-anion would stabilize the cationic complex.  This method was not 




Figure 4-9:  Optimized structure of the singlet state of [(TtztBu,Me)CuCO]H+ (4-1b). 
 
 This assignment is validated by DFT calculations for which geometry 
optimization yields the structure shown in Figure 4-10 and a corresponding stretching 
mode at 2077 cm-1 (Δv agrees with experiment once scaled, see Table 4-5).  The obtained 
structure reveals a lengthening from 2.09 Å to 2.29 Å of the Cu-N bond that corresponds 
to the protonated triazolyl ring (Table 4-4).  Thus, N4 protonation changes the CO stretch 
primarily by decreasing the σ donor ability of the triazolyl ring.   
 The addition of 1.5 equivalent of HBF4  Et2O led to the formation of a species 
with vCO = 2115 cm-1.  This species is assigned to a species with 1 H+ bridging two 
protonated complexes, [H(TtztBu,Me)CuCO]2H+ (3-1c) in analogy with the proton-bridged 
species, 4-1a. 
 The CO stretch shifts to 2117 cm-1 at 2 equiv. of H+, and the spectra remain 
unchanged upon further additions of H+.  This band is assigned to the doubly protonated 
species, H2[(TtztBu,Me)CuCO]2+ (4-1d) (Figure 4-11).  The complete formation of 4-1d 
suggests that HBF4 Et2O is more acidic than 4-1d.  Results from DFT calculations 
support this assignment (Tables 4-4 and 5), as 4-1d is predicted to exhibit vCO at 2103 
  
74 
cm-1 and the structure is shown in Figure 4-11 with protonation occurring at N4 of two 
triazolyl rings.  As obtained for compound 4-1c, protonation leads to an increase in Cu-N 
bond distances relative to 4-1, with distances of 2.18 and 2.17 Å for the protonated rings. 
 
Figure 4-10:  Optimized structure of the singlet state of [(TtztBu,Me)CuCO]H2+ (4-1d). 
 
 The calculated Δv that occurs upon going from 4-1 to 4-1a  to 4-1b to 4-1c  to 4-
1d can be scaled by 65% (empirically) to give an excellent agreement between theory and 
experiment (Table 4-5).  An extrapolation for a triply protonated species predicts a Δv 
value of 49 cm-1, which was not observed experimentally because such a species would 
likely be more acidic than HBF4  Et2O (Figure 4-12c). 
 Alternative protonation sites were explored computationally including protonating 
N2 to cleave the Cu-N bond, and protonating N1 to cleave the B-N bond.  These isomers 
were found to be 6.9 and 19.1 kcal mol-1 higher in energy than N4 protonation, 
respectively (Figure 4-12a, b and Table 4-4).  Moreover, the CO stretching frequencies 








Figure 4-11:  Alternative structures of the mono-protonated species, including: (a) protonation of the Cu-
bound nitrogen of the triazolyl ligand, leading to a broken Cu-N bond, and (b) protonation of the borate 
atom, leading to a broken B-N bond of the triazolyl ligand; (c) protonation of the N4 nitrogen atoms of all 








 Furthermore, protonation is reversible and does not lead to any appreciable 
decomposition.  Upon adding 3 equiv. of the base diisopropylethylamine (DIPEA) to a 
solution of 4-1d (prepared from 4-1 and 3 equiv. of HBF4  Et2O), the spectral features of 
4-1 are restored, including the CO stretch at 2086 cm-1.  Thus, the donor properties of the 
TtztBu,Me ligand can be reversibly changed in situ.  Added H+ can produce a more 
electrophilic metal, as used in Chapter 6, and potentially open up coordination sites since 
the Cu-N bonds are lengthened and then these changes can be reversed with base.13, 51   
4.1.1.2. Vibrational Spectroscopy of (TtziPr2)CuCO as a function of 
[HBF4] 
 
 (TtziPr2)CuCO (4-2) was prepared from mixing a solution of KTtziPr2 in THF with 
a solution of Cu(I)Cl in THF at a 1:1.5 molar ratio. The solution of what is presumably 
(TtziPr2Cu)n was purged with CO(g) for several hours.  Complex 4-2 was characterized by 
1H-NMR and 13C-NMR where resonances for the unique hydrogen and carbon atoms, 
respectively, were observed.  CI-MS detected a molecular ion peak at 560.3 m/z which 
matched the predicted value and the predicted isotopic pattern.  The solid phase of 
complex 4-2 was characterized by ATR-FTIR.  Complex 4-2 has a vCO of 2072 cm-1 
which is ~20 cm-1 higher than the value observed for (TpiPr2)CuCO.14   
 The impact of protonation at the N4 nitrogen on the Cu metal center was 
investigated only by FTIR for complex 4-2.  Vibrational studies were performed in dry 
methylene chloride with the addition of varying equivalents of HBF4 Et2O (Figure 4-
13).  This complex reacts with HBF4 Et2O to give at least three distinct protonation 
states.51  The starting material, 4-2, shows a CO stretch at 2082 cm-1.  Upon addition of 






[(TtziPr2)CuCO]2H (4-2a), a species analogous to 4-1a.  Upon addition of more H+, the 
mono-protonated species, [(TtziPr2)CuCO]H+ (4-2b) and the doubly-protonated species 
[(TtziPr2)CuCO]H22+ (4-2c) are observed at 2116 cm-1 and 2121 cm-1, respectively.  The 
original spectral features of 4-2 are obtained upon adding base, DIPEA, thus protonation 
is reversible.  The net shift here is a remarkable 39 cm-1.  Based on the vCO, it is clear that 
4-2c contains a very electrophilic Cu center. 
 
Figure 4-12: The plot shows the change of peak position and profile of the band assigned to the CO 
stretching vibration of complex 4-2 with increasing equivalents of HBF4  Et2O (legend in top right shows 
color code for how many equivalents of H+ have been added).  The spectra are unchanged between 2 and 3 
equiv. of H+(red = 0 equiv, dark orange = 0.5 equiv, orange = 1.0 equiv, yellow= 1.5 equiv, green = 2.0 
equiv).   
 
4.1.2. Evaluation of (TtzR1,R2)CuCO’s response to [H+] 
 
 The relative acidity of the mono-protonated species 4-1b and 4-2b appears to lie 
between the acidity of HBF4  Et2O and formic acid, as the former acid protonates 4-1 
and 4-2 completely, but formic acid gives incomplete protonation (see Table 4-3).  
Therefore, the pKa values for 4-1b and 4-2b lie between -0.4 and 3.77 in water.  Similarly, 
the relative acidity of 4-1d and 4-2c is less than HBF4  Et2O, and a pKa value for 4-1d/4-













protonated with HCl and then doubly deprotonated with KOH in a mixed media 
(CH3CN/water: 90/10 by volume) gives an observed apparent pKa value of 3.6 for 4-1d 
(this work was done by undergraduate Jodi Kraus). Although two protons are removed 
from 4-1d to give 4-1, only one equivalence point is observed in the data, so presumably 
an averaged pKa is measured in these experiments, and the acidities of 4-1d and 4-1c are 





 This study shows that H+ binds to the remote N4 atoms of (TtzR1,R2)CuCO 
complexes and thus changes the Ttz ligand donor properties gradually, significantly, and 
reversibly.  Protonation of TtzR1,R2 changes the ligand’s electronic properties as reflected 
by measuring the vCO for (TtzR1,R2)CuCO under neutral and acidic conditions.  
Modulation of the electronic properties of Ttz supported complexes has implications 
towards enhanced catalytic properties of (TtzR1,R2)Cu complexes and will be discussed in 
the following chapters.  It is anticipated that this method of tuning ligand donor 
properties in situ by protonation will be generally useful for modeling bio-relevant ligand 




4.3.1. General Methods 
 
 All synthesis and experiments were performed under an atmosphere of dry 
nitrogen using standard Schlenk techniques and an M. Braun UNILAB glove-box.  All 






Solvents were dried using a M. Braun solvent purification system with alumina columns 
or were freshly distilled from drying agents using standard methods.  KTtztBu,Me, KTtziPr2, 
and (TtztBu,Me)CuCO (4-1) were prepared according to literature procedures.14, 51, 77a  IR 
spectra were recorded on a Perkin-Elmer Spectrum One Fourier-transform IR absorption 
spectrophotometer.  1H-NMR spectra were recorded on a Varian 500 MHz spectrometer.  
Chemical shifts are reported relatively to the solvent’s residual protons’ peak.  High-
resolution mass spectrometry was performed on VG70SE double focusing, triple 
quadruple mass spectrometer equipped with CI ionization capability.   
4.3.2. Synthesis of TtziPr2CuCO (4-2) 
 
 The procedure for synthesis of 4-2  is very similar to the published procedure for 
synthesis of 4-1.14  KTtziPr2  0.150g (0.296 mmol), was dried under vacuum in a flask and 
then 10 mL of dry THF and 0.043g (0.44 mmol) CuICl were added (in a glove-box).  The 
reaction mixture was stirred for 30 min.  The solution was then removed from the glove-
box and was purged with CO(g) for 4.5 hours, adding dry THF as necessary.  The solution 
was filtered to remove KCl and the resulting solution was pale green in color.  The 
solvent was then removed to yield 0.114 g (0.204 mmol, 69% yield) pale green solids. 
1H-NMR (CDCl3): δ 3.43 (m, 3H, HC(CH3)2), 3.13 (m, 3H, HC(CH3)2), 1.35 (d, 18H, 
iPr-CH3), 1.31 (d, 18H, iPr-CH3); IR: ν 2969.55 (C-H), 2534.80 (B-H), 2067.04 (CO), 
1494.35 (C-N); CI-MS m/z: 560.308171 [M+H]+ (calc = 560.305787), error is 4.3 ppm 
and in the MS all peaks showed the expected isotopic distribution based upon isotopic 







4.3.3. General Sample Preparation for Vibrational Spectroscopy and Data 
Analysis 
 
 A Perkin-Elmer Spectrum One Fourier-Transform IR absorption 
spectrophotometer was used to record infrared (IR) spectra.  The desired amount of 0.01 
M acid in methylene chloride was added to 0.1 mL of a 0.019 M solution of 
(TtzR1,R2)CuCO in methylene chloride.  Methylene chloride was added to bring the total 
volume of the resulting solution to 0.3 mL.  Multifit® was used to deconvolute the 
spectral CO bands of (TtzR1,R2)CuCO following the guidelines reported in the literature.95  
For each observed vCO, the sub-bands were determined by fitting each experimental band 
with a Voigtian function, which is combination of both the Lorentian and Gaussian 
functions.  The value of the sub-band and their corresponding half-width bands (of 
Lorentian and Gaussian functions) were held constant, where their relative intensities 
varied for each experimental band (Figure 4-13).  The acid studies and observed vCO are 
listed in Table 4-3 and the Multifit parameter file is given in Table 4-6.  
 It should be noted that observation of the vCO was attempted using resonance 
Raman, however, the spectrum observed fluorescence upon addition of HBF4  Et2O and 







Figure 4-13:  An examples of the decomposition of the CO band for (TtztBu,Me)CuCO in the presence of 0.5 
equivalents of HBF4  Et2O.  The Voigtian sub-bands and their corresponding half-width band (HWB) 
were held constant throughout.   
 
 
Table 4-6:  Wavenumbers and halfwidths obtained from the self-consistent decomposition of CO stretch 
band profiles into Voigtian sub-bands (HWB = Haf-Width Band) 
Sub-bands (cm-1) Function HWB Function HWB 
2085.6 Lorentian 4.20 Gaussian 9.9 
2097.8 Lorentian 2.56 Gaussian 12.3 
2105.2 Lorentian 1.87 Gaussian 12.8 
2114.8 Lorentian 2.47 Gaussian 10.6 









4.3.4. Titration of (TtztBu,Me)CuCO to Determine Apparent pKa in Mixed Media 
 
 Complex 4-1 (0.016g, 0.031 mmol) was dissolved in 90% CH3CN / 10% H2O and 
first protonated with excess HCl (more than 2 equiv.) in the same solvent mixture (work 
done by undergraduate Jodi Kraus).  The titration curve for protonation of 4-1 did not 
show readily discernible equivalence points, so deprotonation of the complex prepared 
above from 4-1 and HCl, which is presumably 4-1d, was used to measure apparent 
acidity. 4-1d was treated with a standardized solution of KOH (0.0042M) in 90% CH3CN 
/10% H2O, and the apparent pH was monitored by a pH meter.  The volume of KOH 
solution added was recorded from the buret reading at each pH measurement, to produce 
the titration curve shown in Figure 4-14.  From an analysis of the first and second 
derivatives of the curve in Figure 4-14, two equivalence points are observed, one at 2.07 
mL of KOH solution is assigned to neutralization of excess HCl, and a second 
equivalence point at 20.00 mL of KOH solution is assigned to deprotonation of 4-1d to 
form 4-1.  This second equivalence point corresponds to a ratio of 2.43 equiv. of base to 1 
equiv. of 4-1d [2.43 to 1 ratio calculated as (17.93 mL ⋅ 0.0042M / 0.031 mmol)].  Given 
the experimental error of these measurements, this is assigned to removal of 2 protons 






4.3.5. Attempt at Isolating [(TtztBu,Me)CuCO]H+, (4-1b) 
 
 Hydrogen tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (HBArF) was 
synthesized from a salt metathesis reaction reported in the literature.  Sodium 
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (0.25 g, 0.282 mol) was dissolved in dry 
ether and stirred overnight over molecular sieves under an inert atmosphere.  HCl  Et2O 
(0.5 mL, 0.0508 mol) was mixed with ether under an inert atmosphere and cooled to 0oC.  
The NaBArF solution was added to the HCl solution and stirred for 30 min at 0oC under 
N2.  The solution was decanted and concentrated under high vacuum at -78oC.  Cold 
hexane was added to the solution, the product precipitated out, and the solvent was 
removed to yield HBArF (0.246g, 0.277 mol, 98% yield). 
 TtztBu,MeCuCO (0.01 g, 0.0193 mol) and HBArF (0.02 g, 0.0193 mol) was 
dissolved in methylene chloride (0.5 mL) and layered with ether (0.3 mL).  The solution 
! $"!
(0.016g, 0.031 mmol) was dissolved in 90% CH3CN / 10% H2O and first protonated with excess 
HCl (more than 2 equiv.) in the same solvent mixture.  The titration curve for protonation of 1 
did not show readily discernible equivalence points, so deprotonation of the complex prepared 
above from 1 and HCl, which is presumably 1•2H+, was used to measure apparent acidity.  
1•2H+ was treated with a standardized solution of KOH (0.0042M) in 90% CH3CN /10% H2O, 
and the apparent pH was monitored by a pH meter.  The volume of KOH solution added was 
recorded from the buret reading at each pH measurement, to produce the titration curve shown in 
Fig. S3.  From an analysis of the first and second derivatives of the curve in Fig. S3, there are 
two equivalence points, one at 2.07 mL of KOH solution is assigned to neutralization of excess 
HCl, and a second equivalence point at 20.00 mL of KOH solution is assigned to deprotonation 
of 1•2H+ to form 1.  This second equivalence point corresponds to a ratio of 2.43 equiv. of base 
to 1 equiv. of 1•2H+ [2.43 to 1 ratio calculated as (17.93 mL # 0.0042M / 0.031 mmol)].  Given 
the experimental error of these measurements, we assign this to removal of 2 protons from 




Figure S3.  Titration curve for deprotonation of 1•2H+ with KOH in 90% CH3CN /10% H2O.  
Solid lines (in red) show the approximate locations of equivalence points (at 2.07 mL and 20.00 
mL) for neutralization of excess HCl and 1•2H+, respectively.  The dotted lines show the 
location of the half equivalence point for 1•2H+ at 11.04 mL of KOH and pH ~ 3.6 = pKa. 
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 Figure 4-14: Titration curve for deprotonation of 4-1d with KOH in 90% CH3CN /10% H2O.  Solid lines 
(in red) show the approximate locations of equivalence points (at 2.07 mL and 20.00 mL) for neutralization 
of excess HCl and 4-1d, respectively.  The dotted lines show the location of the half equivalence point for 






was kept at -38oC under an inert atmosphere.  Over the span of 8 months, crystals did not 
form. 
4.3.6. Density Functional Theory (DFT) Calculations 
 
 All DFT calculations were performed by Ashley McQuarters at University of 
Michigan.  For all calculations, the model complexes were optimized using the BP86 
functional and the TZVP basis set.96  The crystal structure of the pseudo-tetrahedral 
complex (TtztBu,Me)CuCO was used as a starting point for geometry optimizations of the 
protonated species.14  Vibrational frequencies were obtained from a normal mode 
calculation that did not reveal any imaginary frequencies, this indicating a true minimum 
of the potential surface.  B3LYP/TZVP single point calculations on the fully optimized 
BP86/TZVP structures were employed to determine relative energies (see Table 4-4).  
All geometry optimizations and single point energy calculations were performed with the 
program package Gaussian 03.  In all Gaussian calculations, the convergence was 
reached when the relative change in the density matrix between subsequent iterations was 
less than 1x10-8.  The resulting data is given in Table 4-4 and the empirical correlation 






















 Nature uses enzymes to facilitate complicated chemical transformations.97  The 
efficiency of these chemical transformations is often difficult to reproduce in the lab.  
Therefore chemists study the structure and function of the enzymes responsible for 
catalyzing such reactions.  Unraveling the structure of an enzyme and its reactivity 
towards an organic substrate has led to developments in an array of areas in chemistry, 
including the catalytic, the pharmaceutical, and the agricultural industries.4  This chapter 
focuses on an important biological process, bacterial denitrification.  Bacterial 
denitrification corresponds to the stepwise reduction of nitrate (NO3-) to dinitrogen (N2) 
(Scheme 5-1).98    
Scheme 5-1:  Stepwise reduction of nitrate. 
 
 
 This process is an important part of the nitrogen cycle in bacteria and plants, 
where nitrogen serves as a source of energy when oxygen is unavailable.98  An example 
where the biological nitrogen cycle can be applied to industry is in the development of 
solutions for removing excess fertilizers present in water.98  These solutions are designed 
based on the enzymes that are responsible for the breakdown of nitrate and nitrite.  A key 
step in bacterial denitrification is nitrite reduction to form nitric oxide (NO), catalyzed by 
copper nitrite reductase (CuNiR), and this step of denitrification will be the focus of this 
chapter (shown in red, Scheme 5-1).98   






 The active site in CuNiR contains a Cu ion ligated by three histidines (His) that 
are in a facial arrangement (Figure 5-1).98  An important feature in the enzyme is 
hydrogen-bonding.  As discussed previously, hydrogen-bonding is known to influence 
biological function (e.g. globins and peroxidases differ principally by hydrogen-bonds).99  
For CuNiR, hydrogen-bonds may influence the reduction potential of the type-2 Cu(II) 
center and may stabilize unusual NO and NO2- binding modes.  Hydrogen-bonding 
should be considered when designing a CuNiR model, but has not been considered in 
previously developed models.99-100 
 
Figure 5-1:  Illustration of the resting state of the Type-2 copper center in CuNiR. 
 
 In the catalytic cycle, it is proposed that a four coordinate Cu(II)-aqua species 
binds nitrite and is reduced to Cu(I) (Figure 5-2, L is the enzyme).101  The resulting 















Figure 5-2:  The key steps in enzymatic nitrite reduction by CuNiR. 
 
 Many of these steps have been modeled previously with copper(I/II) nitrite 
complexes of tridentate N donors. Many of the [LCuI/II(NO2)]- complexes have been 
isolated with sterically bulky neutral N donors as supporting ligands102, such as tris(1-
pyrazolyl)methane (Tpm)101, tris(4-imidazolyl)carbinol101, and 1,4,7-triazacyclononane 
(Tacn) derivatives (Figure 5-3).103  Recently, a monoanionic Tp ligand was used to 
support a [LCuI(NO2)]- complex for modeling CuNiR.104  NO(g) is generated when these 
complexes are allowed to react with ascorbic acid (both the reducing agent and proton 
source), where GC-MS is typically used for measuring the amount of NO(g) generated. 
 





























































5.2. Results and Discussion 
 
 Bulky hydrotris(3-tert-butyl-5-methyl-1,2,4-triazolyl)borate (TtztBu,Me) and 
hydrotris(3,5-diisopropyl-1,2,4-triazolyl)borate (TtziPr2) support low-coordinate 
complexes with late, first row transition metals.14, 46, 51, 77b  In order to model CuNiR, the 
differences in the structural and spectral properties of stable LCu(II)NOx (x=2,3) 
supported by Ttz and Tp ligands were studied.  The new complexes (TtztBu,Me)CuNO2 (5-
1), (TptBu,Me)CuNO2 (5-2), (TtziPr2)CuNO2 (5-3), (TtztBu,Me)Cu(I)NO2- (5-4), 
(TtztBu,Me)CuNO3 (5-5), and (TtziPr2)CuNO3 (5-6) were used as models for CuNiR during 
each stage of the proposed enzymatic cycle (Table 5-1).55  Furthermore, the 
stoichiometric and catalytic reduction of NO2- to form NO starting from 
[(TtzR1,R2)Cu(I)NO2]- and (TtzR1,R2)Cu(II)NO2 were explored, where UV-vis 
spectroscopy was used to measure the amount of NO(g) generated.  The models proposed 
herein are unique in three respects: 1) it is the first study to use a monoanionic N-donor 
ligand; 2) it is the first study to show nitrite reduction starting from an anionic copper(I) 
complex; 3) the models contain remote sites on the triazolyl rings for binding H+ in order 
to change the ligand donor properties in situ.51, 55  
Table 5-1:  List of all complexes by name and number. 
















5.2.1. Synthesis and X-ray crystallography 
 
  (TtztBu,Me)CuNO3 (5-5)55, (TtziPr2)CuNO3 (5-6), (TtztBu,Me)CuCl (5-7)55, 
(TptBu,Me)CuCl (5-8)105, (TtziPr2CuCl)2 (5-9), and (TtztBu,Me)CuOAc (5-10)55, were 
prepared by a salt metathesis approach (Mukesh Kumar originally synthesized 
TtztBu,MeCuX complexes).106  For complexes 5-5 through 5-10, a 1:1.5 molar ratio of 
KTtzR1,R2 and the appropriate metal salts (CuX2  n H2O) were allowed to react in 
methanol or methylene chloride as the solvent.  The solvent was removed and the product 
was extracted into methylene chloride. The nitrite complexes (TtztBu,Me)CuNO2 (5-1), 
(TptBu,Me)CuNO2 (5-2), and (TtziPr2)CuNO2 (5-3) were synthesized by substitution of the 
chloride ligand in LCuCl (L= TptBu,Me, TtztBu,Me, TpiPr2, TtziPr2) complexes.14, 77a, 77c, 107108  
Complexes 5-1 through 5-3 were prepared from a 1:1.5 molar ratio of LCuCl and NaNO2 
in methanol and methylene chloride as the solvent, followed by removal of the solvent 
and extraction of the product into methylene chloride.  [(TtztBu,Me)Cu(I)NO2]- (5-4) was 
prepared from mixing TlTtztBu,Me with Cu(I)Cl in methylene chloride, followed by 
addition of [PPN+][NO2-] (PPN+= bis(triphenylphosphine)iminium) in methylene 
chloride.109  The solution was filtered and the solvent was removed to give the product.  
All complexes were characterized by elemental analysis, high-resolution mass 
spectrometry (HRMS), crystallography (except 5-4), and spectroscopy.  There are distinct 
structural and electronic differences between analogous Ttz and Tp complexes. 
 Crystallography shows that TtztBu,MeCuNO2 (5-1) has a nearly symmetric 
bidentate κ2-nitrite ligand [Cu-O = 2.008(2) and 2.061(2) Å] in a distorted square-
pyramidal (sp) geometry (τ= 0.38; Figure 5-4a).  The structure of 5-1 is in contrast with 






and 2.255(3) Å] and a distorted trigonal-bipyramidal (tbp) copper (τ=0.75; Figure 5-4b).  
The structure of complex 5-2 is also similar to (TptBu,iPr)CuNO2.110 
(a)                 (b)    
Figure 5-4:  Ortep diagrams of  (a) TtztBu,MeCuNO2 (5-1) and (b) TptBu,MeCuNO2 (5-2).  Hydrogen atoms are 
omitted for clarity. 
 
 The Cu-center in TtziPr2CuNO2 (5-3) is in a nearly perfect sp geometry (τ = 0.05, 
Figure 5-5) with a nearly symmetric bidentate κ2- nitrite ligand [Cu-O = 2.0171(3) Å and 
2.022(3) Å] (Table 5-2).  The geometry and nitrite binding mode are similar relative to 
TpiPr2CuNO2 and complex 5-1where the Cu(II) is in a slightly distorted sp geometry.110  
 






Table 5-2:  Selected bond lengths (Å) and angles(o) for TtziPr2CuX complexes. 
Bond Lengths (Å)   Bond Angles (°) 
(TtziPr2Cu)2(µ-Cl)2 (5-9)   
Cu-N1 2.248(5)  Cl1-Cu-N1 101.5(1) 
Cu-N4 2.009(5)  Cl1-Cu-N4 166.0(2) 
Cu-N7 2.009(5)  Cl1-Cu-Cl2 82.90(6) 
Cu-Cl1 2.307(2)  N1-Cu-N4 92.3(2) 
Cu-Cl2 2.313(2)  N1-Cu-N7 88.3(2) 
  N1-Cu-Cl2 101.31 
  N4-Cu-N7 88.4(2) 
  N4-Cu-Cl2 91.72 
  N7-Cu-Cl2 170.4(2) 
(TtziPr2)CuNO2 (5-3)   
Cu-N1 1.969(2)  N1-Cu-N4 91.2(1) 
Cu-N4 2.150(3)  N1-Cu-N7 91.3(1) 
Cu-N7 1.981(3)  N1-Cu-O1 157.0(1) 
Cu-O1 2.017(3)  N1-Cu-O2 100.5(1) 
Cu-O2 2.022(3)  N4-Cu-N7 89.2(1) 
  N4-Cu-O1 107.6(1) 
  N4-Cu-O2 106.5(1) 
  N7-Cu-O1 102.0(1) 
  N7-Cu-O2 160.0(1) 
  O1-Cu-O2 61.9(1) 






Bond Lengths (Å)   Bond Angles (°) 
(TtziPr2)CuNO3 (5-6)   
Cu-N1 1.967(5)  N1-Cu-N4 90.8(2) 
Cu-N4 1.957(5)  N1-Cu-N7 91.1(2) 
Cu-N7 2.176(4)  N1-Cu-O1 162.8(2) 
Cu-O1 2.012(4)  N1-Cu-O2 104.0(2) 
Cu-O2 2.026(4)  N4-Cu-N7 91.8(2) 
  N4-Cu-O1 99.8(2) 
  N4-Cu-O2 162.1(2) 
  N7-Cu-O1 102.0(2) 
  N7-Cu-O2 97.8(2) 
  O1-Cu-O2 63.5(2) 
 
 The crystal structure of TtztBu,MeCuNO3 (5-5) has an asymmetric bidentate nitrate 
[Cu-O = 2.096(1) Å and 1.982(1) Å] and shows a distorted tbp configuration (τ= 0.71, 
Figure 5-6a) in contrast to 5-1.  The crystal structure TtziPr2CuNO3 (5-6) has a nearly 
symmetric bidentate nitrate [Cu-O = 2.017 Å and 2.037Å] and shows a nearly perfect sp 






(a)               (b)    
Figure 5-6:  Ortep digram of (a) TtztBu,MeCuNO3 (5-5) and (b)TtziPr2CuNO3 (5-6).  Hydrogens are omitted 
for clarity. 
 
 Complex 5-5 and complex 5-6 have different geometries and nitrate binding 
modes when compared to (TptBu,Me)CuNO3.111  Nitrate binding differs from the bulky Tp 
and Tpm complexes of Cu(NO3) in the literature, which are perfectly sp [(TptBu)CuNO3, 
τ=0]112, distorted sp ([TpmtBu,Me]CuNO3]+, τ= 0.39-0.10), and between sp and tbp 
[(TptBu,Me)CuNO3, τ= 0.55 and 0.48].111  It appears that these different geometries are 
very close in energy for these complexes, and a slight change in the steric properties, 
electronic properties, or solvent can favor one form over the other. 
 Interestingly, (TtziPr2Cu)2(µ-Cl)2 (5-9) crystallized into a dimer with two µ-Cl 
bridging two Cu-centers in a pseudo-square pyramidal (sp) geometry (τ= 0.07, Figure 5-
7 and Table 5-2).  The obtained structure has a distinct geometry when compared to the 
reported tetrahedral TpiPr2CuCl complex.54b  Lengthening of the Cu-Navg bonds around 
Cu by 0.109 Ǻ in complex 5-9 versus the Tp-analog, reduces the steric strain, creating a 






because the Cu-Navg (1.98 Ǻ) and Cu-Cl (2.125 Ǻ) bonds are shorter thus the Cu-center is 
congested with iPr-groups.    
 
Figure 5-7:  Ortep diagram of complex 5-9, where most hydrogen atoms are omitted for clarity. 
 
5.2.2. Electron Paramagentic Resonance  
 
 EPR spectroscopy was used to probe the electronic differences between Tp and 
Ttz complexes of Cu(II).113  Figure 5-8 shows the experimental and simulated spectra for 
(TtztBu,Me)CuNO2 (5-5); the inset shows that to obtain a satisfactory fit of the EPR 
spectrum; nitrogen superhyperfine (N-shf) splittings for the three coordinating triazolyl 
N-atoms had to be included.  As discussed in Chapter 2, N-shf is observed when sp2 N-
donors are coordinated to a Cu(II) center in a square pyramidal geometry.63  This 
suggests that the geometry of complex 5-5 changes from triganol bipyramidal to square 







Figure 5-8:  EPR spectrum of (TtztBu,Me)Cu(κ2-NO3) (5-5) recorded at 77K in frozen CH2Cl2 (red) and fit of 
the spectrum (green).  Fit parameters: gz = 2.3, gy = 2.0855, gx = 2.0444; Hyperfine: CuAz = 343 MHz, CuAy 
= 80MHz, CuAx = 116 MHz.  Superhyperfine coupling constants: NAz = 25 MHz, NAy = 37 MHz, NAx = 46 







Figure 5-9:  EPR spectrum of (TtztBu,Me)Cu(κ2-NO3) (5-5) recorded at 77 K in solid form (red) and fit to the 
spectrum using the program SpinCount (green).1 Fit parameters: gz = 2.03, gy = 2.2, gx = 2.24 with no 






 Similarly, the EPR spectrum for (TtztBu,Me)CuNO2 (5-1) shows the presence of shf 
couplings to three triazolyl N-atoms (Figures 5-10 and 5-11) when dissolved in 
dichloromethane  Again, this suggests that the geometry of complex 5-1 changes from 
triganol bipyramidal to square planar when dissolved in dichloromethane (the solid-state 
EPR spectrum of complex 5-1 shows no N-shf coupling ).  While these spectra are overall 
similar in terms of g values and shf couplings, the lower quality of the fit in the nitrite 
complex and the broad gz region indicate the presence of other species in solution.  
Similar shf splittings have been observed from Cu to histidine N atoms in CuNiR using 
ENDOR (values of A to inequivalent N atoms are 37, 31, and 19 MHz), and thus this 








Figure 5-10:  EPR spectrum of (TtztBu,Me)Cu(κ2-NO2) (5-1) recorded at 77 K in frozen methylene chloride 
(red) and fit to the spectrum using the program SpinCount (green).1 Fit parameters: gz = 2.28, gy = 2.072, gx 
= 2.069; Hyperfine: CuAz = 100 MHz, CuAy = 116 MHz, CuAx = 52 MHz.  The fit requires the presence of 
three equivalent nitrogen atoms each with I = 1.  Coupling constants: NAz = 25 MHz, NAy = 38 MHz, NAx = 








Figure 5-11:  EPR spectrum of (TtztBu,Me)Cu(κ2-NO2) (5-1) recorded at 77 K in solid form (red) and fit to 
the spectrum using the program SpinCount (green).1 Fit parameters: gz = 2.0, gy = 2.22, gx = 2.26 with no 







 From the EPR fit, the N–shf coupling constants in 5-1 and 5-5 are estimated to 
range from 20 to 50 MHz.  The observation of these features is remarkable because N-shf 
splittings are rarely observed in Cu(II) complexes with pyrazole or related ligands as te 
geometry around the metal is often tbp.115  For example, the EPR spectrum of the Tp 
analogue, 5-2, does not show such N-shf couplings (Figure 5-30, section 5.5.5).  This 
finding provides direct experimental evidence that the Tp-analog is in a triganol 
bipyramidal geometry in solution,  The strong hyperfine coupling constants for the Ttz-
complexes suggest that Ttz is generally a stronger σ-donating ligand than Tp.  
Importantly, the g values indicate that 5-1 and 5-5 have dz2 ground states (due to gz < gx, 
gy) in the solid state (see Figures 5-9 and 5-11); in contrast, 5-1 and 5-5 in frozen 
solution both have dx2-y2 ground states (gz > gx, gy, see Figure 5-8 and 5-10).  This 
provides evidence that 5-1 and 5-5 have different geometries in solution and in the solid 
state. 
 The EPR spectrum of (TtziPr2)CuNO2 (5-3) in frozen methylene chloride 
measured g-values of gz= 2.315, gy= 2.07, gx= 2.07 with no observable hyperfine splitting 
(Figure 5-12).  The observed g-values follow the trend gz > gx, gy suggesting that 5-3 the 







Figure 5-12:  EPR spectrum of (TtziPr2)Cu(k2-NO2) (5-3) recorded at 77 K in solid form (red) and fit to the 
spectrum using the program SpinCount (green).1 Fit parameters: gz = 2.91, gy = 2.08, gx = 2.08.  With no 








Figure 5-13: EPR spectrum of (TtziPr2)Cu(k2-NO3) (5-6) recorded at 77 K in frozen methylene chloride 
(red) and fit to the spectrum using the program SpinCount (green).1 Fit parameters: gz = 2.33, gy = 2.08, gx 
= 2.08; Hyperfine: CuAz = 468 MHz, CuAy = 60 MHz, CuAx = 60 MHz.  There is no N-shf splitting observed 






 The EPR spectrum of (TtziPr2)CuNO3 (5-6) in frozen methylene chloride has g-
values of gz= 2.33, gy=2.08, gx=2.08; copper hyperfine: CuAz=468 MHz, CuAx=60 MHz, 
CuAy= 60 MHz (Figure 5-13).  These values correspond to a dx2-y2 ground-state thus 
indicating that complex 5-6 remains in a sp geometry when dissolved in methylene 
chloride.  These values are consistent with (TpiPr2)CuNO3 (g=2.31 and g=2.08); however, 
the coupling constant for 5-6 is larger when compared to the Tp-analog (A=409 MHz) 
suggesting that, in this case, Ttz is a stronger sigma donor than Tp.55  
 A density functional theory (DFT) calculation116 on the electronic structure of 5-5 
(using the crystal structure geometry) shows that the singly occupied molecular orbital 
(SOMO) of the complex has large contributions of Cu atoms (34% d), nitrate (32%), and 
triazole N2 atoms (29%); see Figure 5-32 in section 5.4.6.  A similar calculation was 
performed on (TptBu,Me)CuNO3,  using the same atomic coordinates, and in this case, an 
overall similar SOMO is obtained (Cu, 37% d, nitrate, 34%; pyrazoles, 21%).  The key 
difference between these complexes is that the contribution of the triazole ligand to the 
SOMO is distinctively larger compared to pyrazole, indicating that Ttz is a somewhat 
stronger σ donor compared to the analogous Tp ligand (Table 5-3).  The coordinating N 
atoms in TtztBu,Me show larger N-shf coupling constants compared to those of TptBu,Me, 
allowing for the spectral resolution of the N-shf bands only in the TtztBu,Me complex. 
 Recently, a density functional theory (DFT) calculation on the electronic structure 
of 5-6 shows that the singly occupied molecular orbital (SOMO) of the complex has large 
contributions from the Cu atom (33% d), nitrate (31%), and triazole-N2 atoms (30%).55  
A similar calculation was performed on (TpiPr2)CuNO3 where the SOMO has 






There is a significant difference in the contribution of the triazole to the SOMO where 
Ttz’s contribution is larger compared to pyrazole, again, indicating that Ttz is a 
somewhat stronger sigma donor compared to the analogous Tp ligand.  This data coupled 
with the EPR data for 5-6 suggests that Ttz is a stronger sigma-donor than Tp when 
coordinated to Cu(II)NO3.  According to X-ray crystallography and EPR, 5-3 and 5-6 
have a sp geometry in the solid and solution state.  These observations are different from 
the geometry changes observed in (TtztBu,Me)CuNO2 and (TtztBu,Me)CuNO3.55   
Table 5-3: Percent contribution of the α (ΗΟΜΟ) and β  (LUΜΟ) SOMO’s for the different geometries of 
LCu(II)NO3 complexes. 





α 34.0% 31.5% 28.9% 





α 36.9% 34.3% 20.7% 





α 33.1% 30.9% 30.0% 
β 51.3% 25.8% 18.1% 
Tp
iPr2
CuNO3         
square-pyramidal 
α 35.9% 34.0% 20.2% 
β 53.3% 25.7% 14.8% 
 
 The EPR spectrum of (TtztBu,Me)CuCl (5-7)  (Figure 5-14) is rhombic and similar 
to that of (TpiPr2)CuCl.105  Like the Tp complex, coupling to the triazole N-atoms is not 
observed in 5-7.  It appears that with Ttz the shf couplings to N atoms are only resolved 
in the five-coordinate geometry. shf couplings to Ttz N atoms in the EPR of six-
coordinate Mn, Co, and Cu(II)(Ttz)2 complexes are not observed.79  Upon the addition of 
N,N-dimethylformamide (DMF) to 5-7, the EPR spectrum (Figure 5-15) becomes axial, 






consistent with the formation of a DMF adduct that is presumably five-coordinate, 
similar to (TpiPr2)CuCl(DMF).105  Uniquely for 5-7, a change in the geometry also leads 
to the appearance of N-shf couplings.  The EPR of [(TtziPr2)CuCl]2 (5-9) is EPR inactive 
due to the antiferromagnetic coupling of the lone electron on each Cu(II) center (see 
Figure 5-7 for crystal structure).  Thus the solid-state structure of 5-9 remains intact 








Figure 5-14:  EPR spectrum of TtztBu,MeCu-Cl recorded at 77 K in frozen dichloromethane (red) and fit to 
the spectrum using the program SpinCount (green).1 Fit parameters: gz = 2.367, gy = 2.194, gx = 2.022; 









	  Figure 5-15:  EPR spectrum of (TtztBu,Me)CuCl with a drop of DMF (presumably now 
(TtztBu,Me)Cu(DMF)Cl added to the solution at 77 K in frozen methylene chloride (red) and 
fit of the spectrum using the program SpinCount (green).  Fit parameters: gz = 2.3, gy = 
2.0659, gx = 2.063; Hyperfine: CuAz = 487 MHz, CuAy = 49 MHz, CuAx = 85 MHz. The fit 
requires the presence of three equivalent nitrogen atoms each with I = 1. Coupling constants: 






5.2.3. Electrochemical Properties 
 
 Cyclic voltammetry (CV) is an electrochemical technique that measures a species’ 
electrochemical potential relative to a known reference electrode.70  For this project, the 
redox potential is simply used to determine the chemical reductant to be used to obtain 
the desired Cu(I) complex for catalyzing the reduction of nitrite.  
 Literature precedents shows that the Ep of a metal is determined by the donor 
properties of the ancillary ligand (Table 5-4).117  The redox potentials of the complexes 
given in Table 5-4 were compared to determine how they are affected by the donor 
properties of the ancillary ligands.  Tris(pyrazolyl)methane (Tpm) ligands are the neutral 
analogs of tris(pyrazolyl)borates (Tp) ligands and are known to be weaker electron 
donors.88  Of the first four complexes given in Table 5-4, only (TptBu,iPr)CuNCMe shows 
reversible redox behavior, the rest showed quasi-reversible redox behavior due to the 
dissociation of acetonitrile upon oxidation followed by a structural rearrangement.  
Importantly, the Epa values of these complexes are gradually shifted to higher potentials 
as the donor properties of the ligand are reduced, where Cu(I) supported by a strongly 
donating ligand has a lower redox potential than Cu(I) supported by a weakly donating 
ligand.  Similar observations were observed by Hsu et al, where an Epa of 0.39 V was 
measured for (TpmMe2)Cu(I)NO2 versus an Epa of 0.08 V for [(TpMe2)Cu(I)NO2]- and thus 
suggests that the Cu(I)NO2 complex supported by the anionic Tp ligand has a lower 
redox potential.104  Furthermore, Dilworth et al reported the ligand donor dependence of 
the redox potential when studying the reduction of Cu(II)NO2 species.  Cu(II)NO2 






E1/2 = -0.027 V vs. SCE) were more readily reduced than the complexes supported by 
stronger donor ligands (tris-(2-aminoethyl)amine, E1/2=-0.375 V vs.SCE).118 
 In addition to the ligand’s electronic properties, its steric properties are shown to 
have a significant effect on the redox potential.  Fujisawa et al saw that the redox 
potential of (TpiPr2)Cu(I)NCMe is lower than that of (TpiPr,tBu)Cu(I)NCMe (Table 5-4), 
suggesting that bulkier ligands support Cu(I) complexes with higher redox potentials.88  
Furthermore, Tolman et al measured large, positive redox potentials (> 0.6 V vs. SCE) 
for (TpR1,R2)Cu(I) complexes.119  Notably, Tolman varied the steric bulk around the 
Cu(I)-center and discovered that Cu(I) complexes supported by bulky ligands had higher 
redox potentials.  For example, Cu(I) complexes supported by TpPh2 (TpPh2CuNCMe, Epa 
= 819 mV vs SCE) had lower oxidation potentials than TptBu (TptBuCuNCMe, Epa = 1005 
mV vs SCE) despite the more electron-withdrawing nature of TpPh2 (TpPh2CuCO vCO 
=2086 cm-1 120 versus (TptBu)CuCO vCO = 2069cm-1 120.119  They concluded that geometric 
constraints imposed by the ligand induced high Epa values as a result of stabilization of 
Cu(I) and destabilization of the Cu(II) state by the enforcement of a pseudotetrahedral 
geometry around the metal-center. These studies suggests that the redox potentials for 
Cu(I/II) species can perhaps be more influenced by the steric nature of the supporting 
ligand rather than the ligand’s donor properties, and that ligands that enforce a tetrahedral 








Table 5-4:  Redox potentials of several Cu (I/II) species (q.r. =quasi-reversible, irr. = irreversible, N.R. = 
not reported). 





(vs. Ag/AgCl) Ref. 
(TpmiPr2)Cu(I)NCMe(PF6) 577 284 q.r 88 
(TpiPr2)Cu(I)NCMe 173 -35 q.r. 88 
(TpmtBu,iPr)Cu(I)NCMe(PF6) 936 634 q.r. 88 
(TptBu,iPr)Cu(I)NCMe 483 412 448 88 
(TpmMe2)Cu(I)NO2 390 110 250 104 
(TpMe2)Cu(I)NO2 80 - irr. 104 
 
 As discussed earlier, in the CuNiR catalytic cycle, it is proposed that a four 
coordinate Cu(II)-aqua species binds nitrite and is reduced to Cu(I) (Figure 5-2).101  The 
resulting copper(I) nitrite complex can reduce nitrite to form NO upon protonation 
(Figure 5-2).  Thus it is important to consider the reduction potential of the Cu(II) center 
when designing a CuNiR mimic.  This part of the study focuses on measuring the redox 
potential for several Cu(I/II) complexes to determine the relative ease for it to participate 
in redox chemistry under neutral and acidic conditions.  The reduction potential of a 
Cu(II) complex determines the chemical reductant to be used for forming a catalytically 
active Cu(I)-center, similar to that in CuNiR.  The protonation of the N4 atom modifies 
the electronic properties of Ttz by reducing its net sigma donation to a Cu(I)-center as 
discussed in the previous chapter.51  Therefore, protonation of Ttz should increase the 
reduction potential of the Cu(II)-center.  Herein we report the reduction potential of 
(TtztBu,Me)CuCl (5-7), (TtztBu,Me)CuNO2 (5-1), [(TtziPr2)CuCl]2 (5-9), and (TtziPr2)CuNO2 
(5-3)  as a function of [HBF4  Et2O].   It should be noted that a detailed comparison 






difficult due to the different solvents and experimental conditions used among 
researchers. 
5.2.3.1. Reduction Potential of (TtzR1,R2)CuX Complexes 
 
 The reduction potentials of the (TtzR1,R2)Cu(II)Cl complexes were measured by 
CV in a 0.1 M solution of tetrabutyl ammonium hexafluoropohosphate (TBAMP) in 
dried methylene chloride, where an irreversible reduction at -0.031 V versus APE was 
observed for (TtztBu,Me)CuCl (5-7, Figure 5-16, Table 5-5), and an  irreversible reduction 
potential at -0.139 V was observed for (TtziPr2Cu)2(µ-Cl)2 (5-9, Figure 5-17, Table 5-5).  
Both of these reduction potentials are within the range of Epc’s observed for Cu(II) 
complexes reported in the literature (-0.671 to 0.254 V vs. APE).118, 121  The unique 
reduction potentials measured for complexes 5-7 and 5-9 is due to their distinct 
geometries and ligand sterics, where the five coordinate (TtziPr2CuCl)2 complex, 5-9, 
would expectedly have a lower reduction potential as stabilization of the reduced Cu(I) 
species would require significant geometric rearrangement to form the preferred 
monomeric, pseudo-tetrahdral Cu(I) geometry.  The lack of a return oxidation wave 
corresponds to an irreversible electrochemical process.  This suggests that there is a 
significant, irreparable change in the coordination environment of the reduced Cu(I)Cl 
species. 
 In an attempt to measure the Cu(II/I) couple for (TtzR,R’)CuNO2 complexes, cyclic 
voltammetry experiments were performed on these Cu(II) complexes.  With the Cu(II) 
complex, (TtziPr2)CuNO2 (5-3) in a 0.1 M solution of TBAMP electrolyte in dried 
methylene chloride, an irreversible reduction at -1.27 V versus APE (-0.974 V versus 






(TtztBu,Me)CuNO2 (5-1), an irreversible reduction at -1.45 V (-1.15 vs. SCE) versus APE 
was observed (Figure 5-20, Table 5-5).  Initially, the reduction potential for the Cu(II/I) 
couple in complex 4-1 was assigned to -1.45 V in our published work.55  However, the 
reduction potentials at -1.27 V and -1.45 V likely corresponds to the reduction of the 
redox non-innocent TtzR1,R2 ligand.122  (Unfortunately the realization that Ttz was non-
innocent came during the writing of this thesis, and was not realized during the 
experimental phase of this work.)  The reduction potential of free triazole is reported in 
the literature at -1.51 V vs GCE (Glassy Carbon Electrode) in acidic, aqueous media,122 
and would likely shift when bound to borate, bound to Cu, and when unique substituents 
are placed on the C3 and C5-atoms.  Furthermore, the reduction potential is too low to 
correspond to the reduction of a Cu(II)-center when compared to other Cu(II) centers 
reported in the literature.118-119, 121  A control study measured the irreversible reduction 
potential of [PPN]NO2 at 0.162 V (Figure 5-36) to confirm that the potentials at -1.45 V 
or -1.27 V do not correspond to the reduction of nitrite.  It can be reasoned that the 
reduction potential for Cu(II) in the nitrite complexes must be more positive than the 
Cu(II) center in complexes 5-7 and 5-9 since it is apparently not observed in the CV 
window used for the experiment.  Note that if the Cu(II/I) redox potential is positive and 
above 0 V in the nitrite complexes, then the complex would be already reduced to Cu(I) 
at the start of the CV experiment.  Notably, the reduction potential of complex 5-1 was 
also measured by linear sweep voltammetry (LSV) using a larger window (-2.0 V up to 
0.6 V, see Figure 5-33) and only a one e- reduction process was observed at -1.45 V, 
presumably corresponding to some TtztBu,Me ligand based reduction process.  This 






0.6 V.  To confirm these observations, additional studies are required by future groups 
members that include measuring the reduction potentials of HtzR1,R2, TtzR1,R2 (bound to K 
and bound to Zn, a non redox active metal) and repeating the CV studies on 
(TtzR1,R2)CuX (X = Cl, NO2) with a larger CV window to include potentials up to at least 
1 V.  The Papish group should also explore the use of other electrodes, other solvents, 
and other reference electrodes to rule out the possibility that nitrite complex reduction 
potentials were not observed due to some sort of experimental error. 
Table 5-5:  Reduction potentials for (TtzR1,R2)CuX.  The reduction potentials are measured against a 
AgClO4 reference electrode and the scan rate is 100 mV/s. 
Complex Epc (V) (vs. APE) 
Proposed Redox Couple 
(TtztBu,Me)CuCl -0.031 Cu(II)/Cu(I) 
(TtziPr2CuCl)2 -0.139 Cu(II)/Cu(I) 
(TtztBu,Me)CuNO2 -1.45 TtztBu,Me/[TtztBu,Me]- 
(TtziPr2)CuNO2 -1.27 TtziPr2/[TtziPr2]- 
 
5.2.3.2. Reduction Potential of (TtzR1,R2)CuX as a function of [HBF4]- 
 
 The reduction potentials for (TtzR1,R2)CuCl complexes were observed under 
neutral and acidic condition; where the predicted site of protonation is the N4 atom.  The 
reduction potentials for the Cu(II/I) couple was measured by CV starting from the Cu(II) 
complex, (TtztBu,Me)CuCl (5-7), in a 0.1 M solution of TBAMP in dried methylene 
chloride, where an irreversible reduction at -0.03 V versus APE was observed (Figure 5-
16).  The reduction potential of complex 5-7 shifts from -0.031 V up to 0.042 V vs. APE 
when 0.5 equivalent of HBF4 is added to the solution (Figure 5-16, Table 5-6).  
Presumably, at 0.5 equivalent of HBF4 a proton bridging species exists, 
[(TtztBu,Me)CuCl]2H+, similar to that of [(TtztBu,Me)CuCO]2H+ (4-1a), and a positive shift 






that protonation of ligand with 1 H+ will increase the reduction potential by 300-500 
mV.88, 104, 123  Further DFT analysis of the protonated species is required. 
 When 0.75 equivalent of HBF4  Et2O is added, a reduction potential is not 
observed.  Presumably, at elevated equivalents of HBF4  Et2O, the complex degrades to 
form a species whose redox potential is outside the range of the CV window or 
precipitated out of solution. 
Table 5-6:  Shift in reduction potential for (TtztBuMe)CuCl (5-7)  The reduction potentials are measured 
against a AgClO4 reference electrode and the scan rate is 100 mV/s. 






   
 
Figure 5-16:  Cyclic voltamogram of (TtztBuMe)CuCl in methylene chloride under neutral and acidic 
conditions (legend on right shows the color code corresponding to equivalent of HBF4  Et2O).  The 


























 Interestingly, (TtziPr2Cu)2(µ-Cl)2 (5-9) is more stable under higher concentrations 
of HBF4  Et2O (Figure 5-17).  The irreversible reduction potential for (TtziPr2Cu)2(µ-
Cl)2 (5-9) shifts from -0.139 V up to 0.230 V vs. APE when 1 equivalent of HBF4  Et2O 
is added to the solution (Figure 5-17, Table 5-7).  At 0.5 equivalent of H+, the reduction 
potential (-0.139 V) does not shift, but another peak begins to grow in around 0.23 V, 
presumably these potentials correspond to 5-9 and 5-9   H+.  At 0.75 equivalent of H+, 
the peak at -0.139 V is less intense and the peak at 0.23 is more intense, this could be due 
to the shift in concentration between 5-9 and 5-9   H+.  At 1 equivalent of H+, only the 
peak at 0.23 V is observed, suggesting that only 5-9   H+ exists at this point.  When more 
than 1 equivalent of HBF4  Et2O is added to the solution, a change in the reduction 
potential is not observed; and furthermore, at 2 equivalent of HBF4  Et2O, the complex 
degrades, similar to that observed for 5-7.  Presumably, 5-9 is more stable towards acid 
than 5-7 due to its dimeric structure, where the ratio of Cu(II):H+ in (TtziPr2CuCl)2  H+ is 
the same as [(TtztBu,MeCuCl)2H]+.  Therefore, the overall charge of complex 5-7 at 0.5 H+ 
equiv. is the same as complex 5-9 at 1.0 H+ equiv.  Future work by group members 
includes determining the structures of the protonated species using DFT calculations.  
Importantly, the reduction potential for 5-7 and 5-9 increases as acid concentration is 
increased (and no appreciable decomposition is observed up to 1 equivalent of HBF4  
Et2O for 5-9), suggesting that the H+ is interacting with the Ttz ligand in complexes 5-7 
and 5-9.  Again, a positive shift of 367 mV is within the expected range based on 







Table 5-7:  Shift in reduction for [(TtziPr2)CuCl]2 (5-9).  The reduction potentials are measured against a 
AgClO4 reference potential electrode and the scan rate is 100 mV/s. 
Acid Equivalent Epc (V) (vs. APE) 
0.00 -0.137 
0.25 -0.139 
0.50 -0.139, 0.23 






Figure 5-17: Cyclic voltamogram of [(TtziPr2)CuCl]2 in methylene chloride under neutral and acidic 
conditions (legend on right shows the color code corresponding to equivalent of HBF4  Et2O).  The 
reduction potentials are measured against a AgClO4 reference electrode and the scan rate is 100 mV/s. 
 
 The reduction potentials for the Cu(II/I) couple was measured by cyclic 
voltammetry starting from the Cu(II) complex (TtziPr2)CuNO2 (5-3) in a 0.1 M solution of 
TBAMP in dried methylene chloride, where an irreversible reduction at -1.27 V versus 
APE (-0.974 V versus SCE) was observed (Figure 5-18).  The reduction potential of 
complex 5-3 shifts from -1.23 V up to 0.199 V vs. APE when 1 equivalent of HBF4 is 
added to the solution (Figure 5-18 and 5-19, and Table 5-8).  As mentioned previously, 
the reduction potential at -1.27 V likely corresponds to the reduction of the redox non-
innocent TtziPr2 ligand.122  (The reduction potential of free triazole is measured at -1.51 V 

















vs GCE in acidic, aqueous media.)122  The reduction potential for Cu(II) must be more 
positive than 0 V as it is apparently not observed in the CV window used for looking at 0, 
0.25, 0.5, and 0.75 equivalents of HBF4.  Presumably, at low acid equivalents (0.25 to 
0.75) a positive shift in the reduction potential (from -1.23 V to -0.802 V) is observed 
that can be tentatively assigned to reduction of the TtziPr2 ligand, which is acid influenced.  
At 1 equivalent of HBF4, the CV window was increased and two potentials are observed, 
a very weak peak at -0.743 V and a stronger peak at 0.151 V.  The redox event at -0.743 
V is tentatively assigned to the reduction of the protonated Ttz ligand, [TtziPr2]H+ (which 
may or may not be Cu bound).  The redox process at 0.151V is potentially either a Cu(II/I) 
complex couple or nitrite reduction (wherein nitrite could be Cu bound or protonated).  
The addition of more than 1 equivalent of HBF4 slightly increases the voltage of the latter 
reduction potential observed (up to 0.199 V).  At this point, the CV window is 
presumably too positive to observe any changes in the reduction potential of TtziPr2, but a 
more complete scan should be done by future members of the Papish group.  Furthermore, 
at 1 equivalent, an oxidation potential at 0.86 V is observed.  It does not correspond to the 
oxidation of NO(g) as the standard reduction potentials for nitrite/nitric oxide and nitric 
oxide/nitrous were measured at 0.375 V and 1.175 V (-0.165 and 0.635 V vs APE), 
respectively.124  After, the addition of 2 equivalents of HBF4 the reduction potential 
disappears.  Presumably, complex 5-3   2H+ donates 2 H+ to NO2- upon Cu(II) reduction 
to generate NO(g) resulting in complex degradation.  
 At 0, 0.25, 0.50, and 0.75 equivalents of H+, presumably only the positive shift in 
the reduction potential of the non-innocent TtziPr2 ligand was observed.   The CV window 






conditions needs to be increased (up to at least +1000 mV).  Given the CV window used 
for those experiments (-1500 mV to 0 mV), it can be hypothesized that the Cu(II) 
reduction potential is around 300-500 mV lower without acid present (closer to 0 mV), 
and is increased to 199 mV upon the addition of acid.  Further work is needed to 
understand these observations. 
Table 5-8:  Shift in reduction potential for (TtziPr2)CuNO2 (5-3).  The reduction potentials are measured 
against AgClO4 reference electrode and the scan rate is 100 mV/s. 
Acid Equivalent             Epc (V)              (vs. APE) Proposed Redox Couple 
0.00 -1.27 TtziPr2/[TtziPr2]- 
0.25 -1.17 TtziPr20.25H+/[TtziPr20.25H+]- 
0.50 -0.799 TtziPr2 0.5H+/[TtziPr2 0.5H+]- 
0.75 -0.802 TtziPr20.75H+/[TtziPr20.75H+]- 
1.00 -0.743, 0.151 Ttz
iPr2H+/[TtziPr2H+]-
Cu(II)/Cu(I)? 
1.25 0.167 Cu(II)/Cu(I)? 
1.50 0.199 Cu(II)/Cu(I)? 
1.75 0.199 Cu(II)/Cu(I)? 








Figure 5-18:  Cyclic voltammogram of (TtziPr2)CuNO2 in methylene chloride under neutral and acidic 
conditions (legend on right shows the color code corresponding to equivalent of HBF4  Et2O).  The 
reduction potentials are measured against a AgClO4 reference electrode and the scan rate is 100 mV/s. 
 
 
Figure 5-19: Cyclic voltammogram of (TtziPr2)CuNO2 in methylene chloride under neutral and acidic 
conditions (legend on right shows the color code corresponding to equivalent of HBF4  Et2O).  The 
reduction potentials are measured against a AgClO4 reference electrode and the scan rate is 100 mV/s. 
 
 Additionally, the reduction potentials were measured starting from the Cu(II) 

















































chloride, where an irreversible reduction at -1.45 V versus APE was observed (Figure 5-
20 and Table 5-9).  Similarly, the reduction potential at -1.45 V is tentatively assigned to 
the reduction of a non-innocent TtztBu,Me ligand.122  A reduction potential that could 
clearly be assigned to Cu(II) was not observed in the CV window used for this 
experiment.  When 0.5 and 1 equivalent of HBF4 is added to the solution, no change in 
the reduction potentials are observed.  Two reduction potentials are observed when 1.5 
equivalent of HBF4 is added to the solution (Figure 5-20).  It is possible that the 
reduction potential at -1.45 V corresponds to TtztBu,Me and the reduction potential at -0.75 
V corresponds to [TtztBu,Me]  n H+ (where n = 1 or 2), wherein protonated Ttz ligand may 
or may not be copper bound (similar to that seen for TtziPr2).  At 2 equivalent of HBF4, 
one broad peak is observed at -1.0 V that is currently unassigned but may be a 
degradation product.   
 Presumably, the experimental CV window was not large enough to observe the 
reduction of Cu(II), as it is presumably higher than 0.199 V with acid present, as the 
larger tBu-groups should stabilize the Cu(I) species and increase the reduction potential.88  
It is also possible that under acidic conditions, the copper forms an insoluble complex of 
some sort that is not in solution to be observed by CV. 
Table 5-9:  Shift in reduction potential for (TtztBu,Me)CuNO2 (5-1).  The reduction potentials are measured 
against a AgClO4 reference electrode and the scan rate is 100 mV/s. 
Acid Equivalent             Epc (V)              (vs. APE) Proposed Redox Couple 
0.00 -1.45 TtztBu,Me/[TtztBu,Me]- 
0.50 -1.45 TtztBu,Me/[TtztBu,Me]- 
1.00 -1.45 TtztBu,Me/[TtztBu,Me]- 
1.50 -1.45, -0.75 Ttz
tBu,Me/[TtztBu,Me]- 
[TtztBu,Me]H+/[(TtztBu,Me)H+]- 







Figure 5-20:  Cyclic voltammogram of (TtztBu,Me)CuNO2 in methylene chloride under neutral and acidic 
conditions (legend on right shows the color code corresponding to equivalent of HBF4  Et2O).  The 
reduction potentials are measured against a AgClO4 reference electrode and the scan rate is 100 mV/s. 
 
Further studies are required to understand the above observations for both 
(Ttz)Cu(II)nitrite complexes, including performing DFT calculations to evaluate whether 
protonation of (TtzR1,R2)CuNO2 occurs at the Ttz ligand or the nitrite ligand under acidic 
conditions.  Furthermore, the Papish group must study the CV of triazoles, Ttz ligands 
bound to non-redox active metals, and then go back to our studies of copper Ttz 
complexes under neutral and acidic conditions. 
 Furthermore, preliminary studies on the redox properties of (TtztBu,Me)CuCO in 
the presence of HBF4  Et2O show a positive shift, from 0.253 V up to 0.340 V, in the 
oxidation potential (Epa) of Cu(I) upon protonation (Figure 5-21, Table 5-10).  The 
behavior of (TtztBu,Me)CuCO in the presence of HBF4  Et2O is well understood and 
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(IR measured a vCO stretch at 2105 cm-1 for the solution containing 1 equiv of HBF4 used 
for CV).51  At this point, the preliminary data suggests that the redox potential of 
(TtztBu,Me)CuCO is increasing upon adding HBF4 to the solution.  Thus, weakening the 
donor properties of Ttz leads to an increase in the Epa of Cu(I) complexes; therefore, 
[(TtztBu,Me)CuCO]  2H+ is more difficult to oxidize than (TtztBu,Me)CuCO.  This 
observation is in accordance with those of Fujisawa, where TpmR1,R2Cu(I) complexes 
have higher redox potentials than the TpCu(I) complexes.88  An additional peak at around 
0.7 V is observed and is tentatively assigned to oxidation of the CO ligand (0.79 V vs 
APE, but may shift when bound to metal).  Future work by group members are required 
to confirm these redox assignments, including observation of the redox potential for 
(TtzR1,R2)ZnX(II)CO species to confirm oxidation of the CO ligand. 
Table 5-10:  Shift in reduction potential for (TtztBu,Me)CuCO.  The reduction potentials are measured against 
a AgClO4 reference electrode and the scan rate is 100 mV/s. 
Acid Equivalent Epa (V) (vs. APE) 
Epc (V) 
 (vs. APE) Proposed Redox Couple 
0.00 0.253, 0.699  
Cu(I)/Cu(II), CO/CO2 
0.25 0.253, 0.699   
Cu(I)/Cu(II), CO/CO2 
0.50 0.350, 0.699  
Cu(I)/Cu(II), CO/CO2 
0.75 0.351, 0.699 0.427 
Cu(I)/Cu(II), CO/CO2 
1.00 0.347, 0.707 0.430 
Cu(I)/Cu(II), CO/CO2 
1.25 0.340, 0.708 0.435 
Cu(I)/Cu(II), CO/CO2 
1.50 0.340, 0.708 0.431 
Cu(I)/Cu(II),  
1.75 0.708 0.433 CO/CO2 








Figure 5-21:  CV voltamogram of (TtztBu,Me)CuCO under neutral and acidic conditions. 
 
 Importantly, preliminary data suggests (though not conclusively and many other 
possible assignments exist for the protonated species) that the electrochemical properties 
of (TtzR1,R2)Cu(II)X complexes are influenced by HBF4  Et2O, quite possibly due to 
protonation of the Ttz- or NO2- ligand.  Notably, under acidic conditions, the 2 e- 
reduction of H+ to form H2(g) was not observed, as the expected reduction potential at 
0.296 V (vs. APE) was not measured  As discussed previously, an additional control 
study measured the irreversible reduction potential of PPNNO2 at 0.162 V (Figure 5-36).  
These peaks were not observed in the acid studies done on complex 5-3 suggesting that 
the observed reduction potentials correspond to TtziPr2 as a likely assignment and Cu(II) 
as a possible but yet unproven assignment.   
 Presumably, protonation of (TtzR1,R2)Cu(II)NO2 would lead to an increase in the 
reduction potential of Cu(II), based on the CV experiments of (TtzR1,R2)CuCl and 
(TtzR1,R2)CuCO under neutral and acidic conditions.  Thus, protonation of 
(TtziPr2)Cu(II)NO2 should lead to a more electrophilic metal-center that is readily reduced.  
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weakening the sigma donation from the Cu-bound N2 atom.51  This reduces the amount 
of electron density on the Cu-center, thus facilitating the reduction of Cu(II).  Another 
possible interaction that would lead to an increase in the reduction potential of Cu(II) is 
protonation of the NO2- ligand.  Enzymologists have shown that the reduction potential of 
the type-2 copper center in copper nitrite reductase (CuNiR) is increased when the nitrite 
substrate is protonated by a dangling aspartate residue.125  However, due to the shift in 
the redox potential of the TtzR1,R2 ligands, (TtzR1,R2)CuCl and (TtzR1,R2)CuCO, the 
protonation of TtzR1,R2 explanation is favored.  Determining the protonation site can be 
done through DFT calculations and 15NO2 labeling studies with IR.  As mentioned 
previously, additional future work for the Papish group includes studying the redox 
properties of triazoles and TtzR1,R2 ligands, as well as, repeat the redox studies on the 
TtzR1,R2Cu(II)NO2 complexes with a larger CV window, as well as determine the 
protonation sites in both TtzR1,R2Cu(II)Cl and TtzR1,R2Cu(II)NO2. 
5.2.4. Measuring NO(g) from the Reactivity of (TtzR1,R2)CuNO2 with H+ 
 
 Typically, GC-MS or florescence spectroscopy are used to measure the amount of 
NO(g) generated from the reaction between LCu(II)NO2 and an acid.118, 126  These 
methods were not available for this study, therefore a new method using UV-vis 
spectroscopy was developed to determine the amount of NO(g) generated.  The NO(g) 
formed upon addition of acid to a solution of (TtzR1,R2)CuNO2 was trapped by (TPP)Co 
(TPP2- = tetraphenylporphyrinato dianion) in a solution of methylene chloride (Figure 5-
22).  (TPP)Co has a very distinct Q-band at 528 nm and upon NO(g) binding, the Q-band 







Figure 5-22:  Illustration of (TPP)Co. 
 
 When (TPP)Co is in a separate vessel from the reacting solution, the NO(g) can 
diffuse into the vessel containing (TPP)Co.  However, higher yields are reported when 
(TPP)Co is mixed in the same solution as (TtzR1,R2)CuNO2.  A Gaussian fit of the Q-band 
can be used to determine the amount of NO(g) generated.55 
5.2.4.1. Stoichiometric Reduction of Nitrite with (TtztBu,Me)Cu(I)NO2 
 
 To observe biomimetic nitrite reduction, [(TtztBu,Me)CuI(NO2)]- (5-4) was prepared 
as a model for the reduced form of the enzyme with nitrite bound. 55  This molecule is 
very air- and moisture-sensitive and was only cleanly isolated as the PPN+ salt [PPN 
bis(triphenylphosphine)iminium].  The yellow color and the strong (ε ~ 103 M-1cm-1) 
metal to ligand charge-transfer bands at λmax = 262-275 nm suggest an N-bound copper(I) 
nitrite.101  Further evidence for a copper nitrite complex comes from the asymmetric N-O 
stretch at 1078 cm-1 [vas (N-O) shifts to 1060 cm-1 with 15N-labeled nitrite (Figure 5-23).  
Hsu et al isolated [(TpMe2)CuNO2]PPN+, where X-ray crystallography of the yellow 
crystals shows nitrite is bound monodentate through the N-atom.104  UV-vis observed a 






The distinct MLCT absorptions and NO2 stretching bands could be a result of the 
dissimilar electronic properties between Ttz and Tp.   
 Isolation of [(TtziPr2)CuI(NO2)]- was attempted but failed.  Presumably, this 
complex would be very air and moisture sensitive and the steric bulk provided by the iPr-








Figure 5-23:  IR spectra of labeled [(TtztBu,Me)Cu15NO2]-PPN+ in black (top) and unlabeled [(TtztBu,Me)CuNO2]-PPN+ in red (bottom).  A peak shift from 






 Complex 5-4 reacts with acetic acid to mediate nitrite reduction (Figure 5-2, 
magenta arrows, and Scheme 5-2), and both the Cu- and N-containing products of this 
reaction have been characterized.  When this reaction is run on a preparative scale with 5-
4 and 2.4 equivalent of acetic acid in CH2Cl2, the solution immediately turns bluish-green 
and (TtztBu,Me)CuOAc (5-10) is isolated in 78% yield (Scheme 5-2).  This product was 
subsequently crystallographically and spectroscopically characterized.  Complex 5-10 
prepared via this route is identical (by UV-vis, IR, and MS) with samples prepared 
directly from copper(II) acetate.  The EPR spectrum of 5-10 shows a dx2-y2 ground state in 
both the solution and solid state (see Figures 5-30 and 5-31).  The preliminary 
crystallographic data of 5-10 (see Figure 5-24) show a square pyramidal (sp) Cu(II) ion.  
Interestingly, N-shf is only observed for TtztBu,MeCuOAc in the solution-state.  N-shf is 



















 Furthermore, NO(g) formation was confirmed by trapping with (TPP)Co in 
methylene chloride and detection of (TPP)CoNO using UV-vis spectroscopy (Figure 5-
25).  When 5-4 is in a separate vessel from (TPP)Co, gas can diffuse between the two 
vessels. The addition of acetic acid (2 equiv.) to 5-4 produces (TPP)CoNO in 86-89% 
yield.  The use of 4 equiv. of HOAc increases the yield to 93%.  Thus yields of NO from 
nitrite reduction are high despite the possibility of inefficient mixing of NO gas with the 
(TPP)Co solution, and this shows that the spectral changes can only be due to NO 
binding.  In a control experiment, no NO was detected by UV-vis analysis of (TPP)Co 
when HOAc was added to [PPN]NO2; thus, the copper(I) complex is essential for NO 
generation. 
 
Figure 5-25:  UV-Vis detection of NO(g) formation in the experiment with 4 equiv. HOAc : 1 equiv. of 
complex 5-4. (TPP)Co was equimolar to 5-4, but in a separate vessel. Purple = (TPP)Co prior to reaction, 
blue = final spectrum, red = Gaussian fit of the Q band of (TPP)CoNO, yellow = Gaussian fit of the Q band 
of (TPP)Co, orange = resulting total Gaussian fit of the blue spectrum. The fit indicates a 1:13 ratio of 
(TPP)Co to (TPP)CoNO and 93% formation of NO from complex 5-4. 
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5.2.4.2. Stoichiometric Reduction of Nitrite with (TtziPr2)Cu(II)NO2 and 
(TtztBu,Me)Cu(II)NO2 
 
  Predictably, (TtzR1,R2)Cu(II)NO2 complexes have either lower (due to the anionic 
charge of the Ttz ligand) or similar reduction potentials compared to the neutral 
LCu(II)NO2 complexes reported in the literature.  As discussed in the previous section, it 
is unclear what the reduction potential of Cu(II) in (TtziPr2)Cu(II)NO2 (5-3) is, but could 
presumably be 0.151 V vs. APE after adding 1 equivalent of HBF4.107b  It is possible that 
the reduction potential of Cu(II) is predicted to be 300-500 mV lower than 0.199 V lower 
without acid present and could not be reduced by ascorbic acid.  However, since the 
reduction potential for what is presumably [(TtziPr2)CuNO2 ]H2+ is 0.199 V, ascorbic acid 
could serve as both a reducing agent for Cu(II) and, a possible proton source for the 
reduction of nitrite to generate NO(g).  Thus the reactivity of 5-3 with ascorbic acid was 
studied under increasing concentrations of HBF4.107b 
 The addition of 2, 3, or 4 equivalents of ascorbic acid to a solution of 5-3 did not 
lead to the generation of NO(g) (Figure 5-26).  This suggests that the reduction potential 
for Cu(II) in (TtziPr2)CuNO2 is less than 0.06 V.  Since the pKa of ascorbic acid is 4.1, it is 
likely that the acid is weakly interacting with the triazolyl-N4 on the Ttz ligand as we saw 
with formic acid.  As previously discussed, weak hydrogen bonding interactions do not 
influence the donor property of Ttz.51  As discussed in Chapter 4, acids with pKa’s less 
than 4 are required to protonate Ttz.51  When at least 1.0 equivalent of HBF4 is added to 
5-3, [TtziPr2CuNO2]H+ presumably forms, and NO(g) is detected by UV-vis.  When 2.0 
equivalents of ascorbic acid and HBF4 is added to the solution (Figure 5-26), NO(g) is 
generated in 90% yield.  Importantly, protonating the ligand increases the reduction 






[benzimidazol-2-yl)methyl]amine, E1/2 = -0.027 V and tris-(2-aminoethyl)amine, E1/2=-
0.375 V),118 suggesting that 5-3H+ may be faster at catalyzing nitrite reduction 
compared to the catalysts previously developed.  Kinetic studies are required to 
determine this hypothesis. 
 
Figure 5-26:  UV-Vis spectra of (TPP)Co solution after (TtziPr2)CuNO2 (5-3) was allowed to 
stoichiometrically react with ascorbic acid.  Blue line: without HBF4, in a 2 pot reaction vessel where the 
(TPP)Co solution is kept separate from the 5-3 solution, Red line:  without HBF4, in a 1 pot reaction vessel 
where the (TPP)Co solution is mixed with the 5-3 solution, Green Line:  with 2 equiv. of HBF4, in a 2 pot 
vessel where the (TPP)Co solution is kept separate from the 5-3 solution, Purple Line:  with 2 equiv. of 
HBF4, in a 2 pot reaction vessel where the (TPP)Co solution is mixed with the 5-3 solution. 
 
 A similar experiment was done with (TtztBu,Me)Cu(II)NO2 (5-1).  When at least 1.0 
equivalent of HBF4 is added to 5-1, [(TtztBu,Me)CuNO2]H+ presumably forms, and NO(g) is 
detected by UV-vis.  When 2.0 equivalents of ascorbic acid and HBF4 is added to the 
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Figure 5-27:  UV-Vis spectra of (TPP)Co solution after (TtztBu,Me)CuNO2 (5-1)was allowed to 
stoichiometrically react with ascorbic acid.  Dark blue line:  (TPP)Co in methylene chloride, Red line:  with 
2 equiv. of HBF4 in a 1 pot reaction vessel where the (TPP)Co solution is mixed with the (TtztBu,Me)CuNO2 
solution. 
 
 A control experiment replacing (TtziPr2)Cu(II)NO2 with NaNO2 does not lead to 
formation of NO(g) with 2 equivalents of HBF4 and 2 equivalents of ascorbic acid.  This 
suggests that the Cu(II) center is necessary for reducing nitrite to nitric oxide.   
 
5.2.4.3. Catalytic Reduction of Nitrite with (TtziPr2)Cu(II)NO2 
 
 The catalytic properties of (TtziPr2)Cu(II)NO2 (5-3) were studied.107b  The addition 
of excess NO2- source (PPNNO2) and excess ascorbic acid was added to the reaction 
vessel such that 5-3 could be regenerated during the cycle.  Since the reduction of nitrite 
is very fast, (TPP)CoNO formed after 30 sec (earlier data could not be collected using our 
instrument).  Interestingly, over time, a decay in the 540 nm (TPP)CoNO peak and the 
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Figure 5-28:  UV-Vis spectra of (TPP)Co solution after (TtziPr2)CuNO2 was allowed to catalytically react 
with ascorbic acid at 25oC.  Total time of reaction was 240 s.   
 
 A time-dependent plot of the decay of (TPP)CoNO was constructed.  The rate of 
the loss of NO from (TPP)CoNO is second order (Figure 5-29).  The rate of nitrite 
reduction is incredibly fast and needs to be determined using stop-flow UV-vis or GC-
MS.  These methods could be used to determine the rate law and mechanism of nitrite 


























































Figure 5-29:  Time-dependent plot of the decay of (TPP)CoNO 
 
 As a control experiment, (TPP)CoNO was generated independently and the UV-Vis 
was observed under catalytic conditions (addition of excess NO2- source (PPNNO2) and 
excess ascorbic acid to complex 5-3 and (TPP)Co).  The peak at 540 nm remained 
unchanged.  It is proposed that the two nitrosyl species, (TPP)CoNO and TtzR1,R2CuNO, 
in the presence of acid disproportionate to generate N2O(g) and H2O.  GC-MS could be 




 All the steps in the proposed mechanism (Figure 5-2) were observed:  1) 
performed chemical synthesis (in green) to isolate 5-4 as a model of the reduced nitrite-
bound enzyme, 2) observed Cu(I/II) redox processes (in blue), and 3) observed nitrite 
reduction NO (in magenta).  Nitrite reduction with 5-4 is novel considering it is the first 
anionic TtzCu(I)NO2 complex that led to nitrite reduction.118  This work shows that if 
y = 0.0126x + 5.1896 



















anionic copper(I) nitrite complexes can be accessed, nitrite reduction is fast and 
quantitative.  
  Significantly, nitrite reduction can be achieved with TtzCu(II)NO2 with excess 
H+ by presumably increasing Cu(II)’s reduction potential through protonation of the N4 
atom.  Importantly, Ttz ligands are the first monoanionic tripodal N donors to 
functionally mimic CuNiR.  The remote N atoms on the triazole rings provide an 
opportunity to fine-tune the properties and redox potentials of the complexes via 
protonation, and this may have mechanistic implications for nitrite reduction.51, 107b  
Furthermore, increasing equivalents of [H+] reduces the electron-density on the Cu(II) 
and can presumably increase the metal’s reduction potential perhaps above those 
measured for LCu(II)NO2 complexes.  The apparent reduction potential of 
[(TtziPr2)CuNO2]H+ is higher than the reduction potential of the Type-2 Cu(II) center in 
CuNiR which has a measured Epc of -0.37 V (vs APE) with unbound nitrite.  The addition 
of 2 equivalents of ascorbic acid to an acidic solution of (TtziPr2)CuNO2 led to enhanced 
reactivity towards nitrite reduction where NO(g) was detected by UV-Vis.  
 Future work done by other group members should include repeating the CV 
experiments in acetonitrile, as acetonitrile would be a better solvent to study the redox 
potential of charged species.  The redox properties of triazoles, TtzR1,R2 ligands, and 
TtzR1,R2CuNO2 ligands should be measured (with the use of a larger CV window for 
Cu(II)NO2 complexes to look at the shift in the Cu(II) potential as a function of acid 
concentration).  Furthermore, the reduction potential of TpR1,R2Cu(II)NO2 under neutral 






observed.  If it is, it is possible that H+ is protonating the nitrite ligand rather than Ttz.  
The site of protonation could be further determined by DFT calculations.   
 
5.4. Experimental 
5.4.1. General Methods 
 
 All synthesis and experiments were performed under an atmosphere of dry 
nitrogen using standard Schlenk techniques and a M. Braun UNILAB glove-box.  All 
chemicals were purchased from Aldrich and were used without further purification.  
Solvents were dried using a M. Braun solvent purification system with alumina columns 
or were freshly distilled from drying agents using standard methods.  KTtztBu,Me, 
(TtztBu,Me)CuCl, KTtziPr2, (TtztBu,Me)CuNO2, (TptBu,Me)CuNO2, (TtztBu,Me)Cu(I)NO2, 
(TtztBu,Me)CuNO3, and (TtztBu,Me)CuOAc were prepared according to literature 
procedures.14, 77a  NaNO2 and PPN+NO2- were purchased from Acros and Aldrich and 
used without further purification.  UV/Visible spectra were recorded on Perkin Elmer 
Lambda 35 UV-Vis spectrometer EPR spectra were recorded on a Bruker X-band EMX 
spectrometer.  IR spectra were recorded on a Perkin-Elmer Spectrum One Fourier-
transform IR absorption spectrophotometer.  High-resolution mass spectrometry was 
performed on VG70SE double focusing, triple quadruple mass spectrometer equipped 
with CI ionization capability.   
 
5.4.2. Synthesis of [(TtziPr2)CuCl]2 (5-9) 
 
 To a solution of KTtziPr2 (0.300 g, 0.591 mmol) in methanol was added CuCl2 · 2 
H2O (0.151 g, 0.887 mmol) in methanol.  After stirring for 48 hours, methanol was 






layered with hexanes gave green crystals (0.196 g, 0.346 mmol, 59% yield) that were 
analyzed by single-crystal X-ray diffraction.  IR:  2541 cm-1 (BH); CI-MS m/z= 567.2821 
[(TtziPr2)CuCl+H]+ (calc= 567.279725); UV-vis (CH2Cl2): 311 nm (ε=1998.8 M-1cm-1) 
and 498 nm; EPR (CH2Cl2): inactive. 
5.4.3. Synthesis of (TtziPr2)CuNO2 (5-3) 
 
 To a solution of 5-9 (0.046 g, 0.0406 mmol) in methylene chloride was added 
NaNO2 (0.151 g, 0.887 mmol) in methanol.  After stirring for 48 hours, the solvents were 
removed under reduced pressure.  Recrystallization from a methylene chloride solution 
layered with hexanes gave green crystals (0.023 g, 0.0398 mmol, 98% yield) that were 
analyzed by single-crystal X-ray diffraction.  IR:  2538 cm -1 (BH); CI-MS m/z= 
578.304284 [M+H] + (calc= 578.303776);  Anal. Calcd for (TtziPr2)CuNO2:  C, 49.89; H, 
7.51; N, 24.26; Found: C, 50.56; H, 7.90; N, 23.52; UV-vis (CH2Cl2): 267 nm (3331 M-
1cm-1), 373 nm; EPR (CH2Cl2): gz= 2.32, gy= 2.07, gx= 2.07. 
5.4.4. Synthesis of (TtziPr2)CuNO3 (5-6) 
 
 To a solution of KTtziPr2 (0.150 g, 0.296 mmol) in methanol was added a solution 
of Cu(NO3)2 · 2.5 H2O   (0.0757 g, 0.326 mmol) in methanol.  After stirring for 48 hours, 
the solvents were removed under reduced pressure.  Recrystallization from a methylene 
chloride solution layered with hexanes gave blue crystals (0.035 g, 0.0589 mmol, 20% 
yield).  IR:  2573 cm -1 (BH); CI-MS m/z= 593.291544 [M+H] + (calc= 593.290865) that 
were analyzed by single-crystal X-ray diffraction.  Anal. Calcd for (TtziPr2)CuNO3:  C, 
48.54; H, 7.30; N, 23.60; Found: C, 48.92; H, 7.20; N, 23.36; UV-vis (CH2Cl2): 292 nm 






5.4.5. Attempted Synthesis of [(TtziPr2)CuNO2] PPN+ 
 
 A mixture of KTtziPr2 (0.052g, 0.103 mmol) in 5 mL of methylene chloride and 
CuCl (0.0152g, 0.154 mmol) was stirred for 2 h at room temperature. To this mixture was 
added 0.0599g (0.103 mmol) of PPN+NO2-. The color of the solution changed 
immediately to yellow and darkened over 1h.  The mixture was filtered, and the solvents 
were removed from the filtrate to afford a green solid, which was characterized as 
(TtziPr2)Cu(II)Cl by IR.  IR:  2540 cm -1 (BH); no NO2 vibrational modes observed. 
5.4.6. Vibrational Spectroscopy 
 
 A Perkin-Elmer Spectrum One Fourier-transform IR absorption 
spectrophotometer was used to record infrared (IR) spectra.  A thin film of the sample 
was prepared by dissolving the complex, 5-4, (0.02 mmol) in a minimal amount of 
methylene chloride (0.5 mL), coating a salt plate and allowing for solvent evaporation to 
occur.  Once the solvent evaporated, a second salt plate was placed on top of the dried, 
thin film and sealed with a clamp.  Sample preparation was done in the glovebox.  For the 
15N-isotopic labeling study, [TtztBu,MeCu15NO2]-PPN+ was prepared from PPN15NO2.  
PPN15NO2 was prepared according to a literature procedure.128   
5.4.7. Electron Paramagnetic Resonance 
 
 A Bruker X-band EMX spectrometer equipped with an Oxford Instruments liquid 
nitrogen cryostat was used for EPR measurements. EPR spectra were typically obtained 
on frozen solutions (~77K) or solid samples using ~ 20 mW microwave power and 100 
kHz field modulation with the amplifier set to 1 G. Sample concentrations employed 
were ~ 5 mM in methylene chloride. EPR spectra were simulated using SpinCount1 to 






superhyperfine coupling constants (A).  The minimum unresolved line-width used was 4 
Gauss and the g-strain was 0.002-0.005. 
 
Table 5-11:  Simulated EPR parameters for (TtztBu,Me)CuNO3 and (TtztBu,Me)CuNO2. 
 (TtztBu,Me)Cu(κ2-NO3) (TtztBu,Me)Cu(κ 2-NO2) 
 Solid Solution Solid Solution 
gx 2.24 2.0441 2.26 2.069 
gy 2.20 2.0855 2.22 2.072 
gz 2.03 2.3 2.00 2.28 
CuAx - 116 MHz - 52 MHz 
CuAy - 80 MHz - 116 MHz 
CuAz - 343 MHz - 100 MHz 
NAx - 25 MHz - 25 MHz 
NAy - 37 MHz - 38 MHz 








Figure 5-30:  EPR spectrum of TtztBu,MeCu(κ2-OAc) recorded at 77 K in frozen dichloromethane (red) and 
fit to the spectrum using the program SpinCount (green).1 Fit parameters: gz = 2.3, gy = 2.0825, gx = 
2.0614; Hyperfine: CuAz = 450 MHz, CuAy = 70 MHz, CuAx = 115 MHz. The fit requires the presence of 








Figure 5-31:  EPR spectrum of (TtztBu,Me)CuOAc recorded at 77 K in solid form (red) and fit to the 
spectrum using the program SpinCount (green).1 Fit parameters: gz = 2.42, gy = 2.075, gx = 2.04 with no 












Figure 5-32: EPR spectrum of (TptBu,Me)Cu(κ2-NO2) recorded at 77 K in frozen 
methylene chloride (red) and fit to the spectrum using the program SpinCount 
(green).1 Fit parameters: gz = 1.995, gy = 2.217, gx = 2.268; Hyperfine: CuAz = 







5.4.8. DFT Calculations 
 
 All DFT calculations and EPR were done by Anna Merckle at the University of 
Michigan.  For all calculations the model complexes were optimized using the BP86 
functional129 and the TZVP basis set.130  The EPR parameters were calculated using both 
BP86/TZVP and B3LYP/TZVP131 in order to compare the difference in the results 
between the two functionals.  Geometry optimizations were performed with the program 
package Gaussian 03.132  EPR parameters were calculated and orbitals were plotted from 
single point calculations using the ORCA package.133  Crystal structures of the trigonal-
bipyramidal complexes (Ttzt-Bu,Me)CuNO3 (5-5) and (TptBu,Me)CuNO3 were used for the 
EPR calculations, the analyses of the SOMOs of the complexes, and as a starting point 
for geometry optimizations.134  The square-pyramidal geometries of (TtziPr2)CuNO3 (5-
6)and (TpiPr2)CuNO3 were created using the crystal structure coordinates of 
(TpiPr2)CuNO2 as a starting point and changing the nitrite ligand to nitrate.135  For 5-6, the 
additional Nc atom was also introduced into the pyrazolyl groups (replacing a C-H group 
in each ring) to create the Ttz ligand.  The hypothetical square-pyramidal structures of 5-
6 and (TpiPr2)CuNO3 obtained this way were then used for EPR calculations and to 








Figure 5-33:  Contour plot of the SOMO of (TtztBu,Me)CuNO3 (5-5) using BP86/TZVP. The geometry of (5-
5) was taken from the crystal structure. The SOMO of (5-5) has a ground state of dz2 where the z axis is 
along the O2-Cu bond. Right: Contour plot of the SOMO of (TptBu,Me)CuNO3 using BP86/TZVP.  The 
geometry of (TptBu,Me)CuNO3 was obtained by changing the Nc atom from (5-5) to a C-H group.  This was 
done in order to directly compare the SOMO of (5-5) to (TptBu,Me)CuNO3.  The SOMO of (TptBu,Me)CuNO3 
has a ground state of dz2 where the z axis is along the O2-Cu bond. 
 
 DFT calculated nitrogen shf coupling constants support the idea that the 
coordinating nitrogen atoms are responsible for the observed shf bands in the EPR spectra.  
However, the calculations also predict overall similar nitrogen shf coupling constants in 
the analogous Ttz and Tp complexes, which disagrees with the experimental findings 
(Table 5-12).  This indicates that the differences between Ttz and Tp might be more 










Table 5-12:  EPR parameters calculated for different structures of (TtztBu,Me)CuNO3 and (TptBu,Me)CuNO3 
(trigonal-bipyramidal) and (TtziPr2)CuNO3 and (TpiPr2)CuNO3 (square-pyramidal). BP86/TZVP and 
B3LYP/TZVP were used to compare the results between the two functionals. 
 Trigonal-bipyramidal Geometry Square-pyramidal Geometry 
MAiso 
values 
Cu-Ttz crystal Cu-Tp crystal Ttz Tp 
BP86 B3LYP BP86 B3LYP BP86 B3LYP BP86 B3LYP 
N1 40.8414 44.5072 44.4354 45.7642 38.1813 43.1228 46.3257 47.3828 
N2 21.3147 21.5119 35.5515 35.8542 30.9167 35.0703 38.0308 38.6905 
N3 20.9369 22.3098 10.4305 9.6639 1.6630 1.2107 1.9981 1.3635 
g 
values 
2.0058 2.0054 2.0131 2.0172 2.0276 2.0437 2.0276 2.0447 
2.0937 2.1518 2.0796 2.1258 2.0517 2.0829 2.0517 2.0858 
2.1059 2.1628 2.1239 2.1901 2.1202 2.1893 2.1202 2.1938 













Table 5-13: Geometric parameters of (TtztBu,Me)CuNO3, (TptBu,Me)CuNO3, and (TpiPr2)CuNO2 as taken from 
the crystal structures along with the optimized structures. 
 (TtztBu,Me)CuNO3 (TptBu,Me)CuNO3 (TpiPr2)CuNO2 
 Crystal Opt Crystal Opt Crystal Structure 
Cu-O(1) 2.10 Å 2.16 Å 2.12 Å 2.19 Å 2.02 Å 
Cu-O(2) 1.98 Å 2.05 Å 2.01 Å 2.05 Å 2.03 Å 
Cu-N1 1.96 Å 2.01 Å 1.96 Å 2.01 Å 1.97 Å 
Cu-N2 2.07 Å 2.12 Å 2.03 Å 2.08 Å 2.00 Å 
Cu-N3 2.09 Å 2.12 Å 2.16 Å 2.17 Å 2.11 Å 
      
N1-Cu-O1 108o 107o 107o 107o 103o 
N2-Cu-O1 128o 128o 138o 135o 151o 
N3-Cu-O1 128o 129o 117o 120o 113o 
N1-Cu-O2 170o 169o 167o 168o 161o 
N2-Cu-O2 96o 97o 95o 96o 101o 
N3-Cu-O2 96o 97o 98o 97o 104o 
ta 0.72 0.68 0.48 0.53 0.17 
a t = (a – b)/60o, where a and b are the largest angles (a > b) around a 5-coordinate metal center. The parameter t 









 For all DFT coordinates and optimized structures for all complexes discussed 
herein, please refer to reference 50.  The reported coordinates obtained from crystal 
structure data by replacement of N4 with C-H were used to calculate the EPR parameters 
and percent contributions of the α and β SOMO. 
5.4.9. Construction of Silver Perchlorate Electrode 
 
 A 0.1 M solution of tetraethyylammonium perchlorate (TEAP) was prepared from 
dissolving TEAP (0.342 g, 0.001 mol) in 10 mL of acetonitrile.  A 0.001 M solution of 
AgClO4 was prepared from the 0.1 M solution of TEAP.  In a glass tube equipped with a 
nycrotyp at the end, a silver wire was dipped in a solution of 0.001 M AgClO4 and sealed.  
The reference electrode is stored in a solution of 0.1 M TEAP. 
5.4.10. General Sample Preparation for Cyclic Voltammetry 
 
 The cyclic voltammetry of 5-1 was performed on a 1.0 mM solution of the 
compound in CH2Cl2 using Bu4NPF6 electrolyte.  Platinum working electrode, platinum 
wire auxiliary electrode, Ag/AgClO4 reference electrode and 2000 mVs-1 scan rate were 
used for CV.  An irreversible electrochemical process was observed and the Epc as 
measured by CV is -1.45 V vs. APE (-1.15 V vs SCE137).  In addition, Epc was measured 
as a function of the scan rate where the reduction potential was measured at scan rates: 10, 
100, 500, 750, 1000, 2000, 2500 and 5000 mV/s.  As the scan rate increased, the 
reduction potential shifted more cathodically, an intrinsic characteristic in systems with 
irreversible electrochemical behavior.69  Either the charge transfer rate is slower than the 
diffusion rate of our complex or the reduced species degraded before the oxidation 
potential was measured.  Due to the inherent sensitivity of (TtztBu,Me)Cu(I)NO2-, it is 






degradation of the reduced species resulting in a response that corresponds to a system 
with irreversible electrochemical behavior.  However, further studies are needed to 
determine the cause of the irreversible nature of our complex.  A platinum-disk working 
electrode rotating at 2000 RPM with a scan rate of 100 mVs-1 was used for LSV, all other 
parameters remained the same.  The Epc as measured by LSV is -1.45 V vs. APE (-1.15 
vs. SCE).  This likely corresponds to the reduction of TtztBu,Me. 
 
Figure 5-34:  Cyclical voltammogram of (TtztBu,Me)Cu(II)NO2 where the measured Epc is -
1.45 V vs. APE.  The calculated ipc/ipa is 11, which confirms the irreversible nature of 
the redox process.  The return oxidation peak corresponds to a different species in 




























Figure 5-35:  The reduction potential as a function of scan rate for (TtztBu,Me)Cu(II)NO2.  As the scan rate 





















Ered as a function of scan rate 
Scan Rate = 10 mV/s 
Scan Rate = 100 mV/s 
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Scan Rate = 750 mV/s 
Scan Rate = 1000 mV/s 
Scan Rate = 2000 mV/s 
Scan Rate = 2500 mV/s 


























Figure 5-37:  CV voltammogram of PPNNO2. 
 
 The cyclic voltammetry of 5-1 and 5-3 under acidic conditions was performed on 
a 1.0mM solution of the compound in CH2Cl2 using Bu4NPF6 electrolyte.  Increasing 
equivalents of a 0.25 µM solution of HBF4 in methylene chloride were added in between 
scans.  Platinum working electrode, platinum wire auxiliary electrode, Ag/AgClO4 
reference electrode and a 100 mVs-1 scan rate were used. 
 The cyclic voltammetry of TtztBu,MeCuCO under acidic conditions was performed 
on a 1.0mM solution of the compound in acetonitrile using Bu4NPF6 electrolyte.  
Increasing equivalents of a 0.25 µM solution of HBF4 in acetonitrile were added in 
between scans.  Platinum working electrode, platinum wire auxiliary electrode, 
Ag/AgClO4 reference electrode and a 100 mVs-1 scan rate were used.  The Epc value 
increases from 0.2 V up to 0.7 V.  At this point, the redox features at lower acid 
equivalents are not well understood.  There appears to be at least one impurity present in 





















5.4.11. Reaction of [(TtztBu,Me)CuNO2]-[PPN]+ with Acetic Acid 
 
 To a yellow solution of [TtztBu,MeCuNO2]-PPN+  0.030g (0.028mmol) in 2mL dry 
CH2Cl2 was added 0.004g (0.067mmol) of acetic acid in 0.5 mL CH2Cl2.  The color of 
the solution instantly changed to greenish blue.  The mixture was stirred for 30 minutes 
and then the solvent was removed under high vacuum resulting in a blue solid.  The 
product was extracted in 5 mL of toluene and filtered.  The filtrate was kept for 
recrystallization which afforded blue crystals of (TtztBu,Me)CuOAc (78% yield).  The 
spectroscopic data (IR, MS, UV/Vis) of the product suggested the formation of 
(TtztBu,Me)CuOAc and compared well with the data of (TtztBu,Me)CuOAc (5-10) made 
separately.  
5.4.12. Methods for Detecting NO(g) 
 
 A.  A solution of [(TtztBu,Me)CuNO2]-PPN+ in CH2Cl2 (50 µL, 1 x 10-8 mol, 
0.2mM) was prepared in a small vial. This vial was placed in a larger vial containing a 
solution of (TPP)Co in CH2Cl2 (2 mL, 1 x 10-8 mol, 5.0µM) and capped with a septum.  A 
solution of acetic acid in CH2Cl2 (0.8 mL, 2 x 10-8 mol, 2.5 x 10-5M) was injected to the 
solution of [(TtztBu,Me)CuNO2]-PPN+ via a syringe.  This procedure repeated three times in 
three separate experiments and the UV/Vis spectra of the resultant (TPP)Co solution was 
recorded at 10 minute, 30 minute and 60 minute, respectively.  The spectroscopic data 
showed the formation of Co(NO)TPP and the  % yield of the NO was calculated by 
Gaussian fit of the spectra.  
 B.  A mixture of [(TtztBu,Me)CuNO2]-PPN+ in CH2Cl2 (50 µL, 1 X 10-8mol, 0.2mM) 
and  (TPP)Co in CH2Cl2 (2mL, 1 X 10-8mol, 5.0µM) was placed in a septum sealed vial.  






this solution via a syringe.  The mixture was kept for 60 minutes at room temperature and 
then the UV/Vis spectrum of the resultant mixture was recorded.  The data showed the 
formation of Co(NO)TPP. 
5.4.13. Reaction of [(TtzR1,R2)Cu(II)NO2] Hn+ with Ascorbic Acid 
 
 A mixture of (TtzR1,R2)CuNO2 in CH2Cl2 (50 µL, 1 X 10-8mol, 0.2mM) and 
(TPP)Co in CH2Cl2 (2mL, 1 X 10-8mol, 5.0µM) was placed in a septum sealed vial. A 
solution of HBF4Et2O in CH2Cl2 (n=0, 0 mL; n =1, 0.8mL, 1 X 10-8mol, 2.5 X 10-5M; 
n=2, 1.6 mL, 2 X 10-8mol, 2.5 X 10-5M ) was injected to this solution via a syringe.  A 
solution of ascorbic acid in methanol (1.6 mL, 2 X 10-8mol, 2.5 X 10-5M ) was injected to 
this solution via a syringe.  The mixture was kept for 75 minutes at room temperature and 
then the UV/Vis spectrum of the resultant mixture was recorded.  The data showed the 
formation of (TPP)CoNO.   
5.4.14. Control Experiment: PPNNO2 in the Presence of Acetic Acid 
 
 A solution of PPN+NO2- in CH2Cl2 (0.024 mL, 1 × 10-8 mol, 0.41 mM) was 
prepared in a small vial.  This vial was placed in a larger vial containing a solution of 
(TPP)Co in CH2Cl2 (2 mL, 1 × 10-8 mol, 5.0µM) and capped with a septum.  A solution of 
acetic acid in CH2Cl2 (0.8 mL, 2 × 10-8 mol, 2.5 × 10-5M) was injected to the solution of 
PPN+NO2- via a syringe.  The UV-Vis spectrum of the resultant (TPP)Co solution was 
recorded at 60 minutes.  The spectral data corresponded to (TPP)Co.  When acetic acid 
(0.8 mL, 2 × 10-8 mol, 2.5 × 10-5M) was added to a sealed vial containing a mixture of  
PPN+NO2- (0.024 mL, 1 × 10-8 mol, 0.41 mM) in CH2Cl2 and (TPP)Co (2 mL, 1 × 10-8 
mol, 5.0µM) in CH2Cl2, spectral changes were observed, but do not correspond to 






5.4.15. Control Experiment:  NaNO2 in the Presence of Ascorbic Acid 
 
 A mixture of NaNO2 in methanol (50 µL, 1 X 10-8mol, 0.2mM) and (TPP)Co in 
CH2Cl2 (2mL, 1 X 10-8mol, 5.0µM) was placed in a septum sealed vial.  A solution of 
HBF4Et2O in CH2Cl2 (1.6 mL, 2 X 10-8mol, 2.5 X 10-5M ) was injected to this solution 
via a syringe.  A solution of ascorbic acid in methanol (1.6 mL, 2 X 10-8mol, 2.5 X 10-5M) 
was injected to this solution via a syringe.  The mixture was kept for 75 minutes at room 
temperature and then the UV/Vis spectrum of the resultant mixture was recorded.  The 
spectral changes were observed, but do not correspond to (TPP)CoNO.    
5.4.16. Control Experiment:  (TPP)Co in the Presence of Acid. 
 
 A solution of (TPP)Co in CH2Cl2 (2mL, 1 X 10-8mol, 5.0µM) was placed in a 
septum sealed vial and 1.6 mL of methanol and 0.01 mL of ether were added to the 
solution.  The spectrum did not change, a peak at 528 nm was observed.  
 A solution of (TPP)Co in CH2Cl2 (2mL, 1 X 10-8mol, 5.0µM) was placed in a 
septum sealed vial.  A solution of HBF4Et2O in CH2Cl2 (1.6 mL, 2 X 10-8mol, 2.5 X 10-
5M ) was injected to this solution via a syringe.  The spectral changes were observed, but 
do not correspond to (TPP)CoNO.  A peak at 536 nm is observed and may correspond to 
some interaction between the (TPP)CoNO and H+. 
 A solution of (TPP)Co in CH2Cl2 (2mL, 1 X 10-8mol, 5.0µM) was placed in a 
septum sealed vial.  A solution of ascorbic acid in methanol (1.6 mL, 2 X 10-8mol, 2.5 X 
10-5M ) was injected to this solution via a syringe.  The spectral changes were observed, 






 A solution of (TPP)Co in CH2Cl2 (2mL, 1 X 10-8mol, 5.0µM) was placed in a 
septum sealed vial.  A solution of HBF4Et2O in CH2Cl2 (1.6 mL, 2 X 10-8mol, 2.5 X 10-
5M ) was injected to this solution via a syringe.  A solution of ascorbic acid in methanol 
(1.6 mL, 2 X 10-8mol, 2.5 X 10-5M ) was injected to this solution via a syringe.  The peak 
at 536 nm was observed. 
 


























Figure 5-39:  (TPP)Co in the presence of (TtziPr2)CuNO2. 
 
5.4.17. Control Experiment: (TPPC)CoNO Under Catalytic Conditions 
 
 A solution of (TPP)CoNO in CH2Cl2 (2mL, 1 X 10-8mol, 5.0µM) was placed in a 
septum sealed vial.  A solution of (TtziPr2)CuNO2 in CH2Cl2 (1.6 mL, 2 X 10-8mol, 2.5 X 
10-5M ) was injected to this solution via a syringe.  The spectral changes were observed, 
and the peak at 540 nm corresponds to (TPP)CoNO.  A solution of HBF4  Et2O in 
CH2Cl2 (1.6 mL, 2 X 10-8mol, 2.5 X 10-5M ) was injected to this solution via a syringe.  
The peak at 540 nm did not shift.  A solution of PPNNO2 in CH2Cl2 ( mL, 1 X 10-7mol, 
M) was injected to this solution via a syringe, and no changes were observed to the 
spectrum.  A solution of ascorbic acid in methanol (1.6 mL, 2 X 10-8mol, 2.5 X 10-5M) 























Figure 5-40:  UV-Vis of (TPP)CoNO under catalytic conditions. 
 
5.4.18. X-ray Crystallography  
 
 Diffraction data for compounds 5-1, 5-2, 5-3, 5-5, 5-6, 5-9 and 5-10 were 
collected using a Bruker AXS SMART APEX CCD diffractometer using monochromatic 
Mo Kα radiation with the omega scan technique.  Single crystals of compounds were 
mounted on Mitegen micromesh mounts and data were collected at 100 K.  Data were 
collected, unit cells determined, and the data integrated and corrected for absorption and 
other systematic errors using the Apex2 suite of programs.138  The structures were solved 
by direct methods and refined by full matrix least squares against F2 with all reflections 
using SHELXTL 6.14.139  All non-hydrogen atoms were refined anisotropically.  
Hydrogen atoms were placed in calculated positions and were refined with isotropic 
displacement parameters 1.2 (C-H) or 1.5 (CH3) times that of the adjacent carrier atom.  































Table 5-14: Crystallographic data for complexes 5-1, 5-2, and 5-5.  Experiments were carried out at 100 K  
with Mo Ka radiation using a Bruker AXS SMART APEX CCD diffractometer. Data collection used ω 





TtztBu,MeCuNO3 (5-5) TptBu,MeCuNO2 (5-2) TtztBu,MeCuNO2!C7H8 (5-1)
Chemical formula C21H37BCuN10O3 C24H40BCuN7O2 C21H37BCuN10O2·C7H8
Mr 551.96 532.98 628.09
Crystal system, space 
group
Monoclinic, C2/c Monoclinic, P21/m Orthorhombic, Pna21
a, b, c (Å) 21.592 (2), 11.7139 (11), 
22.171 (2)
9.6746 (15), 17.068 (3), 
17.034 (3)
18.831 (3), 9.2993 (13), 18.569 
(3)
α, β, γ, (°) 90, 94.533(2), 90 90, 99.570(3), 90 90, 90, 90
V (Å3) 5590.0 (9) 2773.6 (7) 3251.7 (8)
Z 8 4 4
F(000) 2328 1132 1332
Dx (Mg m-3) 1.312 1.276 1.283
No. of reflections for 
cell measurement
3049 2046 4616
2Θ range for cell 
measurement
2.74, 30.89 2.27, 24.77 2.43, 29.78
m(mm-1) 0.82 0.82 0.71
Crystal shape Block Plate Block
Colour Green Orange Green
Crystal size (mm) 0.55 × 0.50 × 0.35 0.37 × 0.19 × 0.06 0.54 × 0.52 × 0.30
Radiation source fine-focus sealed tube fine-focus sealed tube fine-focus sealed tube
Monochromator Graphite Graphite Graphite
Absorption correction Multi-scan Multi-scan Multi-scan 
Apex2  v2009.7-0 
(Bruker, 2009)
Apex2  v2009.7-0 
(Bruker, 2009)
TWINABS (Sheldrick, 2007)
 Tmin, Tmax 0.633, 0.746 0.625, 0.746 0.598, 0.746
No. of measured, 
independent and 
observed [I > 2σ(I)] 
reflections
19388, 7701, 6295  18527, 8508, 5450  67302, 10841, 9798  
Rint 0.021 0.047 0.038
min. and max. 2Θ 2Θmax = 31.1, 2Θmin = 1.8 2Θmax = 31.4, 2Θmin = 1.2 2Θmax = 31.4, 2Θmin = 2.2
Range of h, k, l h = -31≤31, k = -10≤16, l 
= -31≤31
h = -13≤13, k = -24≤23, 
l = -22≤24
h = -27≤27, k = -13≤13, l = -
26≤26
R[F2 > 2s(F2)], 
wR(F2), S 0.033,  0.091,  1.04 0.048,  0.120,  1.01 0.043,  0.114,  1.06
No. of reflections 7701 8508 10841
No. of parameters 337 368 395
No. of restraints 0 0 1






Table 5-15: Experiments were carried out at 100 K  with Mo Ka radiation using a Bruker AXS SMART 
APEX CCD diffractometer. Data collection used w scans. H-atom parameters were constrained.  
 
 
Computer programs: Apex2 v2009.7-0 (Bruker, 2009), Apex2 v2009.7-0, SHELXTL 6.14 















(TtziPr2Cu)2(µ-Cl)2 (5-9) TtziPr2CuNO2 (5-3) TtziPr2CuNO3 (5-6)
Chemical formula B2C52N18H96Cu2OCl10  BC24H43CuN10O2  BC24H43N10CuO3
Mr 1492.67 578.03 594.03
Crystal system, 
space group Monoclinic, C2/c Monoclinic, P2(1)/c Monoclinic, P2(1)/c
a, b, c (Å) 22.848(8), 17.245(7), 18.499(7) 9.6703(19), 16.098(3), 19.467(4) 15.908(5), 10.141(3), 18.317(6)
α, β, γ, (°) 90, 97.796(7), 90 90, 104.257(4), 90 90, 94.247(5), 90
V (Å3) 7222(5) 2937.1(10) 294.8(16)
Z 4 4 4
F(000) 3120 1228 1260
Dx (Mg m-3) 1.373 1.307 1.339
No. of reflections for 
cell measurement
1086 2738 357
2Θ range for cell 
measurement 2.22, 30.35 2.50, 30.41 2.29, 20.97
m(mm-1) 0.783 0.785
Crystal shape block block rod
Colour green green blue
Crystal size (mm) 0.55 x 0.43 x 0.34 0.55 x 0.52 x 0.49 0.31 x 0.17 x 0.12
Radiation source Fine-focus seal tubed Fine-focus seal tubed Fine-focus seal tubed
Monochromator Graphite Multi-scan Graphite Multi-scan Graphite Multi-scan
Absorption 
correction Apex 2 v2011.2-0 (Bruker, 2011) Apex 2 v2011.2-0 (Bruker, 2011) Apex 2 v2011.2-0 (Bruker, 2011)
 Tmin, Tmax 0.3414, 0.7461 0.5724, 0.7461 0.5728, 0.7461
No. of measured, 
independent and 
observed [I > 2σ(I)] 
reflections 15033, 6591, 4476 17951, 8869, 7712 19389, 8318, 5436
Rint 4476 7712 5436
min. and max. 2Θ 1.48, 25.35 1.66, 30.68 1.28, 30.52
Range of h, k, l h = -24 ≤ 27, k = -20 ≤ 12, l = -22 ≤ 22 h = -13 ≤ 13, k = 0 ≤ 23, l = 0 ≤ 27 h = -22 ≤ 22, k = 0 ≤ 14, l = 0 ≤ 25
R[F2 > 2s(F2)], 
wR(F2), S 0.1335, 0.3014, 1.051 0.0681, 0.1581, 1.058 0.1307, 0.1869, 1.059
No. of reflections 6591 8869 8318
No. of parameters 420 356 365
No. of restraints 8 0 0










 Hydrocarbons are a major constituent in oil and natural gas, and their abundance 
makes them an ideal precursor for the chemical industry.140  Thus, the activation of a C-H 
bond (or replacement of a strong C-H bond with a weaker “functionalizable” C-X bond) 
by a metal-based catalyst is a highly provocative area of research.82  However, this type 
of chemical transformation is known to be the most challenging reaction in organic 
synthesis due to the stability of the C-H bond.141 
 The stability of C-H bonds is reflected by their high bond dissociation energies 
(BDE), which greatly influences their reactivity.  The BDE’s for many C-H bonds are 
given in Table 6-1.  The highest BDE values correspond to C-H bonds of methane and 
benzene (BDE’s are 105 and 113 kcal/mol, respectively).82  The BDE decreases as the 
carbon atom bonds with other carbon atoms: secondary C-H bonds are measured around 
98 kcal/mol and tertiary CH bonds are around 96 kcal/mol.82  Furthermore, the presence 
of a vicinal O-atom to a C-H bond reduces its BDE by 4 kcal/mol compared to its alkyl 
analogue.  Without a catalyst, the temperature required to break the strong C-H bond is 
usually between 900-2000 °C.  Moreover, a lack of selectivity is normally observed and 
undesirable side-products form, such as carbon dioxide.142  Therefore, a more efficient 
method for C-H activation with improved bond-selectivity under milder conditions is in 
high demand.  Despite the high BDE’s of C-H bonds, a considerable number of 








Table 6-1:  Selected BDE’s for various types of C-H bonds. 
 
 There are several routes that achieve C-H activation with the use of a transition 
metal-center (Figure 6-1).  Route I is a typical example, where C-H activation is 
accomplished by an oxidative-addition/reductive-elimination process (only oxidative 
addition is shown in Figure 6-1).143  Route III is based on a 1,2-insertion-elmination 
mechanism and is another common method for attaining a functionalized C-H bond.144  
Other methods involve sigma-bond metathesis (Route II), homolytic cleavage involving 
two metal-centers (Route IV), and electrophilic activation (Route V).82  The catalytic 
systems developed to date generally follow one of these pathways.  Initial studies were 
done with many transition metal-based catalysts, including: Fe, Mo, W, Rh, Ir, and Ru,145 
but recently, an extensive amount of research has focused on using the coinage metals: 
Cu, Ag, and Au.82   


























Figure 6-1:  Illustration of the metal-mediated activation of C-H bonds.82 
 
 One issue concerning these five routes is the formation of stable organometallic 
intermediates (LnMX, LnMR, or LnMH), where insertion of the X group into the R-H 
bond does not always proceed.  Thus a more efficient route for functionalizing a C-H 
bond is desired. 
 Recently, a novel, more effective method for C-H bond activation was established. 
The new method involves the formation of the LnM=X species, where X is a carbene 
moiety formed from a diazo containing source.143 This transient metallocarbene 
intermediate readily inserts the carbene into the C-H bond (Figure 6-2).146  Notably, the 
R-H substrate’s σ-orbital does not interact with the metal-center, but rather the empty π-
orbital on the carbene. 
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The usually employed term of Holy Grail in the search of
efficient methods that convert readily available sources such
as hydrocarbons into value added products is yet completely
appropriate when we approach to the end of the first decade
of this century.1,2 In spite of decades of efforts of a plethora
of research groups, only a reduced number of chemical
systems have been described for the transformation of such
substrates in a catalytic manner. This is in contrast with the
large number of reports on the activation of carbon-hydrogen
bondsthroughtheintermediacyoftransitionmetalcomplexes.3–5
The term activation is usually applied in the sense defined
by Shilov and Shul’pin:4 “when we refer to the activation
of a molecule, we mean that the reactivity of this molecule
increases due to some action. (. . .) The main result of the
activation of a C-H bond is the replacement of a s rong
C-H bond with a weaker, more readily functionalized bond.”
Given the large number of examples of the former relative
to the already mentioned few examples of catalytic trans-
formations, it seems that the latter is not always accessible.
There are several routes that could account for a metal-
induced carbon-hydrogen bond activation process, under
homogeneous conditions. Such mechanisms are shown in Figure
1.1,6 The typical example of an organometallic activation is that
based in the oxidative addition-reductive elimination of the
C-H bond (I), in which the C-H bond is added to the metal
center to generate two new metal-carbon and metal-hydride
bonds. The sigma-bond metathesis route (II) would also provide
the activation of the C-H bond, as well as the subsequent
release of the functionalized product. The formal insertion of
the C-H bond into unsaturated metal-ligand bonds (III) would
afford the corresponding cleavage. Such cleavage, in a ho-
molytic fashion (IV), can also be achieved with the intermediacy
of two metal centers, leading to separate metal-alkyl and
metal-hydride complexes. Finally, the electrophilic activation
(V) supposes the displacement of the hydrogen atom by another
group (X ) halide, aquo), the R gr up usually being subse-
quently displaced from the metal center as a functionalized
molecule. These pathways participate, to a different extent, in
the few catalytic systems described to date for the activation
and subsequent functionalization of C-H bonds of unreactive
hydrocarbons. The alk ne borylation7 described by Hartwig
and co-workers is mainly based in mechanism I. The alkane
dehydrogenation process,8 first reported by Kaska and
Jensen,8a is also related to the same mechanism. Sigma-bond
metathesis is usually employed with unsaturated reagents,
from an efficient, catalytic point of view. The electrophilic
activation, typical of late transition metals, was discovered
by Shilov in the early 1970s, and is one of the most
promising systems, yet to be improved.2 This is in contrast
with procedures described for the conversion of C-H bonds
into several functionalities in complex, more elaborate
molecules,9 where the existence of activating groups, that
weakens the targeted C-H bond and/or favors the reaction
by assisted coordination, enhances the reactivity.* Author to whom correspondence should be addressed.
Figure 1. Mechanisms for the metal-mediated activation of
carbon-hydrogen bonds: (I) Oxidative addition/reductive elimination;
(II) sigma-bond metathesis; (III) 1,2-insertion-elimination; (IV) ho-
molytic cleavage by two metals and (V) electrophilic activation.
Chem. Rev. 2008, 108, 3379–3394 3379
10.1021/cr078364y CCC: $71.00 © 2008 American Chemical Society







Figure 6-2:  Illustration of the new method for catalytic C-H activation. 
 
 This process requires an electrophilic transition metal to activate the diazo 
compound.  It is known that decomposition of diazo compounds in the presence of metal 
complexes occurs with the intermediacy of a transient, electrophilic metallocarbene 
species.147  Assuming that the back-bonding between the Cu d-orbital and the carbene π-
orbital is weak, the electron-rich σ-orbital of the C-H bond donates electron density into 
the electrophilic π orbital on the carbene (Figure 6-3), resulting in a functionalized C-H 
bond.146  
 
Figure 6-3:  Illustration of the orbitals involved in C-H activation with a metallocarbene. 
 
Scheme 2 Catalytic cycle for C–H bond functionalization by carbene
insertion from diazo compounds.
review about this methodology for a wide range of substrates has
appea d rec ntly.15
Catalysts and diazo reagents
There are several features that must be taken into account n the
catalyst design for this transformation. As shown in Scheme 2,
two electrophile–nucleophile interactio s take place during the
catalytic cycle: the MLn and the diazo compound in the first
step, and the metallocarbene LnM=CR1R2 and the C–H bond
in the final step. Therefore, the existence of a certain electrophilic
character at the metal centre, along with a vacant coordination
site for the diazo compound coordination, would favour the initial
step. Poor donor ligands, mainly those with electron withdrawing
groups are preferred to induce such behaviour at themetal centre.15
Once the transient metallocarbene is formed, its reactivity
toward the desired target, i.e., the C–H bond depends on the
electrophilic character of the carbenic carbon atom. To increase
such electrophilicity, low or none p-backbonding from the metal
is desired, the metal–carbene bond being merely r-donation from
the carbene group. The use of the aforementioned poor ligands
bonded to the metal would also help in the same direction.
A second variable is the nature of the groups bonded to that
carbenic carbon. The presence of electron withdrawing groups
would enhance the pursued electrophilicity. As shown in Scheme 3,
there are three types of diazo compound that could be employed,
Scheme 3 Catalytic cycle for C–H bond functionalization by carbene
insertion from diazo compounds.
depending of the electronic nature of the substituents. The
acceptor, and the acceptor–acceptor types originate a decrease
in the electron density at the carbenic carbon. The third class
corresponds to the acceptor–donor diazo compounds, mainly
developed by Davies and co-workers,15 and that has provided very
interesting results in the area of carbene transfer reactions from
diazo compounds.
It could be thought that simple tuning of the above variables in
the sense of increasing the electrophilicitywould lead to the desired
goal, i.e., the functionalization of low reactivity C–H bonds.
However, it is worth mentioning that very highly electrophilic
carbenes are so reactive that they do not discriminate in terms
of selectivity, or induce the undesired side reaction of carbene
coupling to give the corresponding olefins [eqn (4)]. Because
(4)
of this, it has been noticed that some steric protection of the
metallocarbene intermediate is required to avoid such process.
Thus, it is a delicate equilibrium between all those factors that
govern the process of inserting a carbene group into a C–H bond.
Development of this methodology
The metal-catalyzed insertion of carbene units generated in situ
from diazo compounds has been known for decades. The in-
tramolecular version of this reaction has been extensively em-
ployed, using rhodium- or copper-based catalysts, in organic
synthesis, with high values of both conversion and selectivity
being reported.11 However, the intermolecular transformation
has been less studied. And this is in spite of the time passed
from the first example of this reaction, described by Scott and
DeCicco more than 30 years ago,16 of the use of copper sulfate
[eqn (5)] to promote the decomposition of ethyl diazoacetate
(5)
(N2CHCO2Et, EDA) and the subsequent formal insertion of
the CHCO2Et unit into the C–H bond of cyclohexane in low
yield. Shortly after this report, Wulfman et al.17 described the
use of Cu(acac)2 as the catalyst in the reaction of cyclohexene
and diazomalonate, in which minor amounts of the product
derived from the formal insertion of the carbene into the allylic
C–H bond were observed [eqn (6)]. The use of copper was
(6)
relegated at the beginning of the 1980s due to the emergence
of rhodium–carboxylate complexes as the catalysts of choice for























































 Tris (3-R1-5-R2-1, 2-pyrazolyl)hydroborate (TpR1, R2) are known to support Cu(I), 
Ag(I), or Au(I) as catalysts for C-H functionalization.  The robust characteristics of the 
TpR1,R2 ligand allows for structural and electronic variation at the metal center.  Literature 
precedence reveals that ligands with weak electron donor properties enhance the 
electrophilicity of the metallocarbene intermediate.90, 148  Thus, halogen-rich substituents, 
introduced by Dias and Lovely, are frequently incorporated in the scorpionate ligand due 
to the electron-withdrawing effects of these groups.149  
 Perez and coworkers initially studied the reactivity of (TpR1,R2)Cu(I)L catalysts 
towards C-H activation (Figure 6-4).  (TpMs)CuL was reported to convert cycloalkanes 
and cyclic ethers in a moderate (50%) to high yield and converted acylic alkanes in low 
yields (10%).150  To improve their conversion yields, Perez’s group aimed to increase the 
electrophilicity of the Cu(I)-center.  Since (TpBr3)CuCO has a vCO of 2110 cm-1 and 
(TpMs)CuCO has a vCO of 2060 cm-1, it was proposed that TpBr3 would support a more 
electrophilic Cu-center than TpMs.90, 150a, 151  As expected, a 90% conversion was observed 
with cycloalkanes and a 53-73% conversion with acyclic alkane when (TpBr3)CuNCMe 
was used as the catalyst.151  These results demonstrate that less electron density at the 
metal is a feature that enhances its reactivity towards C-H bonds.  Additional results from 







Figure 6-4:  General illustration of the (TpR1,R2)Cu(I)L complexes developed by Perez et al, L = NCMe. 
 
 
Table 6-2:  % Product conversion of cyclohexanes catalyzed by (TpR1,R2)NCMe and vCO stretches for 
corresponding TpR1,R2CuCO complexes. 
 vCO (cm-1) 
(L =CO) 
C6H12 (% conv.) 
 (L=MeCN) 
(TpCy)CuL 2061 54 
(TpMs)CuL 2079 50 
(TpBr3)CuL 2110 90 
(TpCF3,CF3)CuL 2137 58 
 
 C-H functionalization via carbene insertion has shown to be a better methodology 
than those previously developed.82  Halogenated and non-halogenated TpR1,R2 ligands 
form complexes with Cu(I) that serve as effective electrophilic catalysts for C-H 
functionalization.153  Furthermore, Tp R1,R2 ligands support Ag(I) complexes, which are 
even better catalysts for C-H activation when compared to their Cu-analogs.154  A 
particularly noteworthy study was done by Pérez and coworkers which demonstrated that 
(TpRF,ArF)Ag can activate methane in supercritical CO2.155  This work suggests that a 
critical feature of the metallocarbene intermediate is that the metal is highly electrophilic 






ancillary ligand is crucial.  To date, halogenated Tp ligands are the most frequently 
employed for this type of chemistry.  
 The electron withdrawing nature of halogens can be combined with weak donor 
Ttz ligands to form even weaker donor ligands, TtzRF3,RF3.  Dias and coworkers have used 
fluorinated Ttz ligands to isolate rare species with late transition metals.  In particular 
they have made progress at isolating complexes of the unreactive coinage metals (Ag, Au, 
Cu) in low-coordinate, sterically encumbered environments.156  TtzCF3,CF3 was 
synthesized in 2009 and has been used to form Na, Cu, and Ag complexes (Figure 6-
5).157  
                                 
 
Figure 6-5: Illustrations of ( a) [Na(TtzCF3,CF3)2]-, (b) (TtzCF3,CF3)CuICO , (c) (TtzCF3,CF3)AgI(η2-CH2CH2). 
 
 Surprisingly, (TtzCF3,CF3)MICO (M = Cu, Ag) (Figure 6-5b for Cu complex, Ag 
complex is similar) complexes show that the CO stretching frequencies are insensitive 



















































































expected just for swapping pyrazole for triazole.48b  Other experimental measures of 
donor ability including 1H- and 13C-NMR chemical shifts for (TtzCF3,CF3)MI(η2-CH2CH2) 
(M = Cu, Ag) (Figure 6-5c) show that the triazole rings are weaker electron donors and 
this results in more Lewis acidic metal complexes, than seen with fluorinated pyrazole 
ligands (TpCF3,CF3).158  This suggests that these complexes are poised for C-H activation 
and are likely to achieve turn over number (TON) values greater than their Tp-analogs, 
where TON is determined by dividing the concentration of product by the concentration 
of the catalyst at the end of the reaction. 
 This chapter will discuss using Ttz as a supporting ligand for Cu(I)NCCH3 
complexes for C-H activation.24  To reiterate, Perez et al. have used electrophilic (Tp)M(I) 
complexes for C–H activation by a mechanism that involves formation of a 
metallocarbene intermediate that functionalizes strong C–H bonds.151 Importantly, 
protonation of Ttz complexes can be used to decrease σ donation and enhance co-ligand 
electrophilicity.  Thus, the electronic tunability of Ttz has implications for enhancing the 
performance of electrophilic catalysts.  Furthermore, this research is an example of 
applying a biomimetic feature (hydrogen-bonding/protonation) to enhancing the 
performance of an organometallic catalyst.   The most common metals for this type of 
method include Cu and Ag.  While Ag(I)-containing complexes are the most promising 
catalysts, (TtzR1,R2)CuL systems are more well understood and will be used initially for 
this project to help understand the performance of (Ttz)Cu(I)L catalysts under acidic 








6.2.  Results and Discussion 
 
  Attempts at C-H activation via carbene insertion were made with 
(TtztBu,Me)CuNCCH3 (6-1) and (TtzPh,Me)CuNCCH3 (6-2) as the catalysts (studies with 6-2 
were done in collaboration with Juan Urbano).  Transformations of cyclohexanes, 
hexanes, 2,4-dimethylbutane (DMB), and tetrahydrofuran (THF) into their acetate 
derivatives were attempted using the commercially available ethyl diazoacetate (EDA) as 
the carbene source.  1H-NMR and GC-MS were used to determine the % product 
conversion and TON values.   
 In addition to the importance of ligand donor properties, preliminary studies had 
established an order of regioselectivity that is dependent on the catalyst employed.  The 
regioselectivity order for (TpR1,R2)CuNCMe catalysts is 3o > 2o >1o, following the same 
trend for bond order energies: 1o > 2o > 3o, where the (TpR1,R2)CuNCMe catalysts have a 
preference for weak, tertiary C-H bonds.  Different ratios of the primary, secondary, and 
tertiary sites within a given substrate could be activated.  This is especially true for 
secondary and tertiary bonds since their BDE’s are similar and both activation processes 
are energetically favored.  Interestingly, as the electrophilic nature of the carbene is 
enhanced, a preference for C-H activation of the secondary C-H bond is observed.  Thus, 
the existence of electron-withdrawing groups in the TpR1,R2 ligand favors regioselectivity 
towards more electrophilic C-H bonds, despite their higher BDE’s. These observations 
will be considered when studying the C-H activation of the following substrates. 
6.2.1. C-H Activation of Cyclohexanes, Hexanes, and DMB 
 
 (TtztBu,Me)CuNCCH3 (6-1) was used to catalyze the insertion of EDA into the C-H 






was present at 2 mol% relative to EDA; cyclohexanes served as the primary solvent.  
Methylene chloride was used to solubilize 6-1.  The yield of the C–H activation product 
increased upon adding 1H+ or 2H+ to pre-catalyst (6-1), from 10% to 20% to 40%, 
respectively.  The increase in yield is presumably due to the protonation of the N4-atom 
that is reducing the overall net σ-donation of the Ttz-ligand and thus increasing the 
electrophilicity of the carbene’s π-orbital.  The observed yields are similar to the yields 
reported in the literature, but the new result is that protonation enhances catalysis.82  The 
other side-products, diethyl maleate (DEM) and diethyl fumarate (DEF), are formed from 
the condensation reaction of EDA.  Efforts at isolating 6-1  H+ will be attempted with 
HBArF as a proton source with the hope that the BArF counter anion would provide 
enough bulk to stabilize the cationic complex (this was attempted with TtztBu,MeCuCO as 
discussed in Chapter 4).  Notably, elevated temperatures (50oC) were required for 
enhancing the catalytic properties of 6-1.  At room temperature (without H+), the product 
yield was 4%.   
Scheme 6-1:  General illustration of functionalizing the C-H bond in cyclohexanes 
 
  
When (TtzPh,Me)CuNCCH3 (6-2) was used to catalyze the insertion of EDA into the C-H 
bond of cyclohexanes to yield ethyl 2-cyclohexylacetate at room temperature, the yield of 
the C–H activation product was 34% (Scheme 6-1).  Upon adding 2 equivalents of HBF4 
to the solution, the yield increased to 54%.  The higher yields for 6-2 compared to 6-1 are 
O
O








a reflection of the electron density at the metal center.  The phenyl groups are more 
electron withdrawing versus the tBu-groups, thus the Cu-center is likely to be even more 
electrophilic than that in 6-1  H+.  (Synthesis of the carbonyl derivative, TtzPh,MeCuCO, 
was attempted but was presumably too instable to allowed for detection of the species by 
IR.  Efforts for isolating this species to determine the electronic properties at the metal is 
in progress by Juan Urbano.)  Furthermore, the increase in yield could be due to the steric 
bulk around the metal center.  The tBu-groups are bulkier and make it more difficult for 
the σ C-H bond to interact with the carbene’s π-orbital.  
 The difference in steric bulk and electronic differences between 6-1 and 6-2 
becomes even more apparent when the targeted C-H bonds are slightly higher and are 
located in a more protected environment.  For example, 6-1 and 6-12H+ did not convert 
hexanes or DMB into their acetate derivatives at room temperature (Schemes 6-2 and 6-
3).  It is likely that the steric bulk of TtztBu,Me and the crowded environment around the 
secondary or tertiary C-H bonds of the alkyl prevent access of the σ C-H bond with the 
carbene’s π-orbital.  The BDE for the primary C-H bond in hexanes and 2,3-DMB is too 
high for activation by a Cu(I) complex.  Attempts at activating the C-H bond of these 
substrates at elevated temperatures will be done by future group members.  
 Complex 6-2 was successful at converting the secondary C-H bonds of hexanes 
into hexylacetate (27%) and the tertiary C-H bonds of 2,3-DMB into 2-3-
dimethylbutylacetate (11%) at room temperature (Schemes 6-2 and 6-3).  Importantly, 
the % product conversion for these substrates is also lower than that of cyclohexanes 






bond influence the reactivity of the metallocarbene moiety with the substrate.  C-H 
activation of these substrates in the presence of acid is in progress by Juan Urbano.   
Scheme 6-2:  General illustration of activation of a C-H bond in hexanes. 
 
Scheme 6-3:  General illustration of activation of a C-H bond in 2,3-DMB 
 
 A control experiment was done to confirm that H+ did not catalyze the activation 
of the C-H bond in cyclohexanes.  The experimental conditions were the same, except 
catalyst was not present during the reaction.  At the end of 6 hours, no product was 
detected by 1HNMR.  This suggests that the Cu(I) center is required to form the 














metallocarbene intermediate that functionalizes the substrate, and that acid alone can not 
activate the C-H bond in cyclohexanes.   
6.2.2. C-H Activation of THF 
 
 (TtztBu,Me)CuNCCH3 (6-1) and (TtzPh,Me)CuNCCH3 (6-2) were used to catalyze 
the insertion of EDA into the C-H bond of THF (Scheme 6-4). The Cu-catalyst was 
present at 2 mol% relative to EDA and THF served as the primary solvent.  Methylene 
chloride was used to solubilize 6-1.  The C-H bond neighboring the ether group is the 
weakest bond and thus the preferred site for activation.150a  The yield of the C–H 
activation product was 88%.  The yield of product conversion for complex 6-2 was 95%.  
The high yields are a result of the lower bond energy of the C-H bond vicinal to the ether 
group, and thus it is more easily activated than the C-H bond in cyclohexanes, hexanes, 
or 2,3-DMB.150a   
 However, complexes 6-1 and 6-2 were not able to activate the C-H bond in THF 
when acid was added to the solution.  In the presence of HBF4, THF was converted into 
polytetrahydrofuran, a polymer readily generated from the acid-catalyzed polymerization 
of THF.  This occurred even at low acid equivalents (0.5 mol equiv. relative to Cu). 
Scheme 6-4:  General illustration of activation of a C-H bond in THF. 
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Table 6-3:  Product conversion of cyclohexanes, hexanes, 2,3-DMB, and THF by complexes 6-1  and 6-2. 
      Hexanes Cyclohexanes 2,3-DMB THF 
    vCO(cm-1)* Product Yield Product Yield Product Yield  Product Yield 
(TtztBu,Me)CuNCCH3 2086 N.P 10% N.P. 88% 
[(TtztBu,Me)CuNCCH3]H+ 2105 - 18% - polymer 
[(TtztBu,Me)CuNCCH3]2H+ 2117 N.P. 40% N.P. polymer 
(TtzPh,Me)CuNCCH3 - 27% 34%** 11% 95% 
[(TtzPh,Me)CuNCCH3]2H+ - - 54%** - polymer 






Table 6-4:  TON values of complexes 6-1  and 6-2. 
      Hexanes Cyclohexanes 2,3-DMB THF 
    vCO(cm-1)* TON TON TON TON 
(TtztBu,Me)CuNCCH3 2086 N.P 5 N.P. 44 
[(TtztBu,Me)CuNCCH3]H+ 2105 - 9 - polymer 
[(TtztBu,Me)CuNCCH3]2H+ 2117 N.P. 20 N.P. polymer 
(TtzPh,Me)CuNCCH3 - 27% 17** 5.5 47.5 
[(TtzPh,Me)CuNCCH3]2H+ - - 27** - polymer 







 Complexes 6-1 and 6-2 catalyzed the C-H activation of cyclohexanes (10% and 
34%, respectively) and THF (88% and 95%, respectively).  Complex 6-2 also catalyzed 
the functionalization of the secondary C-H bonds in hexanes and the tertiary C-H bonds 
in 2,3-DMB (27% and 11%, respectively).  Determination of the activated site(s) in 
hexanes catalyzed by 6-2 will be determined by Juan Urbano.  Complex 6-1 did not 
catalyze the C-H activation of hexanes or 2,3-DMB.  The difference in reactivity between 
6-1 and 6-2 is a result of the electrophilicity of the Cu-center (Ph-groups are electron 
withdrawing, tBu-groups electron donating) and the steric bulk around the Cu-center 
(tBu-groups are bulkier than Ph-groups).  Future work includes repeating the C-H 
activation of hexanes and 2,3-DMB with complex 6-1 at elevated temperatures as higher 
yields were observed at 50oC (10%) versus 25oC (4%) for cyclohexanes.  
 Importantly, the addition of acid to solutions of complexes 6-1 and 6-2 lead to 
enhanced product conversion of cyclohexanes (40% and 54%, respectively).  The 
increase in yield is presumably due to the protonation of the N4-atom that is reducing the 
overall net σ-donation of the Ttz-ligand and thus increasing the electrophilicity of the 
carbene’s π-orbital, similar to the observations observed for (TtzR1,R2)CuCO complexes 
under acidic conditions.  Notably, this is the first example of controlling C-H activation 
through modulation of the catalyst’s secondary coordination sphere and demonstrates the 
application of a biological technique (H-bonding/protonation) to enhance the reactivity of 
an organometallic catalyst.  Future work includes studying the C-H activation of hexanes 
and 2,3-DMB with complex 6-2•2H+.  Efforts at isolating 6-1•H+ and 6-2•H+ are 





bond in THF when acid was added to the solution.  In the presence of HBF4, THF was 
converted into polytetrahydrofuran.   
 Future work by group members or collaborators include synthesis of 
(TtzPh,Me)CuCO and studying its electronic properties under neutral and acidic conditions.  
 
6.4. Experimental 
6.4.1. General Methods 
 
 All synthesis and experiments were performed under an atmosphere of dry 
nitrogen using standard Schlenk techniques and a M. Braun UNILAB glove-box.  All 
chemicals were purchased from Aldrich and were used without further purification.  
Solvents were dried using an M. Braun solvent purification system with alumina columns 
or were freshly distilled from drying agents using standard methods.  KTtztBu,Me, 
KTtzPh,Me, and (TtztBu,Me)CuCuNCCH3 (6-1) were prepared according to the literature 
procedures.51, 77a, 77b  (TtzPh,Me)CuCuNCCH3 (6-2) was prepared by Juan Urbano 
following the procedure reported for complex 6-1.51  1H-NMR spectra were recorded on a 
Varian 500 MHz spectrometer.  Chemical shifts are reported relatively to the solvent’s 
residual protons peak or hexamethylcyclotrisiloxane (HMT) as an internal standard in 
ppm.  GC-MS was performed on a Perkin Elmer instrument.  HMT was also used as an 
internal standard for GC-MS samples. 
6.4.2. C-H Activation Procedure 
 
 The procedure used for C-H activation is similar to that reported in the 
literature.150a  The C-H activation reactions were performed in a 25 mL round bottomed 





experiment, 0.01 mmol of (TtzR1,R2)CuNCCH3 was mixed with 5 mL of hydrocarbon 
containing solvent and 1 mL of methylene chloride.  In a separate flask, 0.5 mmol of 
ethyl diazoacetate (EDA) was mixed with 3.5 mL of methylene chloride and 5 mL of 
hydrocarbon.  The EDA solution was slowly added over 6 hours at 50°C under N2 via a 
syringe pump. For studies under acidic conditions, all conditions were identical to those 
listed above, except 0.01 mmol or 0.02 mmol of HBF4 in methylene chloride was added 
to the solution of (TtzR1,R2)CuNCCH3 prior to starting the reaction. This presumably 
forms monoprotonated or doubly-protonated (TtzR1,R2)CuNCCH3, but additional studies 
are required to determine the species present under these conditions. 
 For both acidic and non-acidic conditions, at the end of 6 hours, the volatiles were 
removed and the % yield of product was determined by 1H-NMR, with an exact mass of 
HMT added to the NMR tube as an internal standard. The reactions that occurred are 
shown in Scheme 6-1 through 6-4, and the yield of product was determined by the 
integration of the italicized hydrogens in cyclohexylacetate (CH2CO2Et), which have δ= 
2.16 ppm (doublet) and in ethyl(tetrahydrofuran-2-yl)acetate CH2CO2Et, which have δ= 
2.47 ppm (doublet). The results are shown in Table 6-3 and Table 6-4.   
 For hexanes and DMB, GC-MS was used to determine product conversion.  For 
both acidic and non-acidic conditions, at the end of 6 hours, the volatiles were removed.  
The remaining residue was dissolved in methylene chloride and was washed through a 
solid phase extraction filter twice to remove the copper ions.  An exact mass of HMT was 
added to the solution and the sample was analyzed by GC-MS.  The only masses detected 





CH2Cl2 (Rt = 1.46, 84.93 m/z), and CDCl3 (Rt= 1.56, 120.38 m/z)  The results are shown 
in Table 6-3 and 6-4.   
6.4.3. C-H Activation Control Experiment 
 
 The procedure used is nearly identical to the one described above; however, 0.01 
mmol of HBF4(CH3CH2)2O was mixed with 5 mL of cyclohexane and 1 mL of 
methylene chloride with no catalyst present. In a separate flask, 0.5 mmol of EDA was 
mixed with 3.5 mL of methylene chloride and 5 mL of cyclohexane. The EDA solution 
was slowly added over 6 hours at room temperature under N2 via a syringe pump. 
 At the end of 6 hours, the volatiles were removed and the product was analyzed 
by 1H- NMR, with an exact mass of HMT added to the NMR tube as an internal standard. 
No product was detected by 1H- NMR, this confirms that the acid does not activate the C-
H bond in cyclohexanes.  However, diethyl fumarate and diethyl maleate were detected, 
suggesting that H+ lead to decomposition of the ethyl diazoacetate. 
6.4.4. Removing Copper from GC-MS Sample 
 
 The removal of metal ions from GC-MS samples is necessary to prevent 
contamination of the column.  A quick, easy method for removing metal ions is solid 
phase extraction, where, in this case, the solution is filtered through a material with a high 
affinity for cations.  Four samples containing a known amount of 6-1 were prepared.  
Two samples were filtered once through SPE, and two samples were not filtered.  The 
filtrate was analyzed by Atomic Absorption to measure the amount of copper ions present.  
The SPE did an excellent job at removing the copper ions.  After one filtration, 0.4% 






Table 6-5:  Results from solid phase extraction test (SPE). 
Sample Cu (ppm) SPE filtered Cu remaining (ppm) 
1 22 Yes 0.09 
2 22 No 2.26 
3 220 Yes 4 
4 220 No 0.5 
 
 
6.4.5. Attempt at Synthesizing (TtzPh,Me)CuCO 
 
 The procedure for synthesis of (TtzPh,Me)CuCO is very similar to the published 
procedure for synthesis of (TtztBu,Me)CuCO.14  The KTtzPh,Me ligand (0.296 mmol), was 
dried under vacuum in a flask and then 10 mL of dry THF and 0.043g (0.44 mmol) CuICl 
was added (in a glove-box).  The reaction mixture was stirred for 30 min.  The solution 
was then removed from the glove-box and was purged with CO(g) for 4.5 hours, adding 
dry THF as necessary.  The solution was filtered to remove KCl and the resulting solution 





















Chapter 7 : Zinc Chemistry with TtziPr2 
7.1. Introduction 
 
 Research on Zn chemistry began as an effort to model enzymes with hydroxide 
containing active sites, including carbonic anhydrase25, 159 and phosphotriesterase (Figure 
7-1 and 7-2).160   
 
Figure 7-1:  Illustration of the active site of carbonic anhydrase.  The zinc-bound water groups are acidic 
and the proton is lost during the catalytic cycle.6, 7 
 
 
Figure 7-2:  An illustration of the active site of Pseudomonas diminuta, PTE.3, 5 The atoms in blue represent 
the donor atoms from the amino acids and the atoms in red represent the donor atoms from a hydroxyl 
group and water. 
 
 These enzymes, which perform hydration of CO2 and hydrolysis of 
phosphotriesters, respectively, seemed especially promising for modeling with Ttz.  It can 
be postulated that any enzyme that uses water in its reaction chemistry could be better 
modeled by incorporating ligands that promote water solubility.  Carbonic anhydrase has 
in its active site a Zn(II) ion bound by three histidine residues and hydroxide (or water) in 
a hydrophobic pocket, but there are nearby channels lined with hydrogen bonding groups 









































proximity ligated by histidine residues, aspartate residues, and bridging ligands, where 
one zinc is in a hydrophobic pocket but the other is in a hydrophilic environment.160  In 
the literature, very few ligands used for enzyme modeling are water-soluble and cannot 
model hydrophilic enzymes.  Ttz-ligands are unique in that they are capable of modeling 
hydrophilic pockets, hydrophilic active-sites of enzymes, or enzymes under biological 
conditions. 
 Despite these worthwhile goals, the synthesis of (TtzR1R2)ZnOH complexes has 
been challenging and this target has been elusive.  However, the differences in Tp versus 
Ttz reactivity are interesting in their own right, as the modest change in electron donor 
ability has produced a big change in the reactivity of zinc complexes, as described below. 
 In the Tp literature, (Tp)ZnOH complexes are made by two routes: 1) treatment of 
(Tp)ZnLG (LG = leaving group = OAc, NO3 or Br) with hydroxide161 and 2) treatment of 
Zn(ClO4)2•6H2O with KTp and base (Scheme 7-1).162  However, these routes have not 
produced (Ttz)ZnOH complexes.  For example, when (TtztBu,Me)ZnCl is treated with 
NaOH (aq) in CH3CN, the isolated organic ligand-containing product is (TtztBu,Me)NaOH2 
(Figure 7-3a).163  Presumably, the other product is Zn(OH)2 or a similar zinc hydroxide 
complex, and these insoluble products provide a driving force for the reaction.  
Increasing the size of the base does not prevent formation of [M]+[Ttz]-, thus formation 






Scheme 7-1:  Synthetic Routes to LZnOH. 
 
 
               
 
Figure 7-3:  Products of the reactions shown in Scheme 1 with L = TtztBu,Me, a) (TtztBu,Me)NaOH2 b) 
[NMe4]TtztBu,Me with solvent molecules omitted.   
 
 The alternate route, described as route 2 in Scheme 7-1, with Zn(ClO4)2•6H2O as 
the zinc source, was also explored with KTtztBu,Me and three separate bases (NaOH, KOH 
and [NMe4]OH•5H2O).  In these experiments, the fate of the ligand is less well defined, 
but with NaOH, (TtztBu,Me)NaOH2 formed and was characterized spectroscopically 
(spectra are consistent with (TtztBu,Me)NaOH2 obtained via route 1).  With KOH and 
[NMe4]OH•5H2O, it appears that TtztBu,Me partially decomposes via B-N bond cleavage 
under these conditions.  Zinc(II) perchlorate is a powerful Lewis acid and has been 
















M = Na, K, NMe4
L = Tp or Ttz of varied steric bulk
TpZnOH is of ten the product with L = Tp (bulky)
M(T tztBu,Me) is of ten the product with bulky T tz


































 With L = TtzPh,Me, both routes shown in Scheme 7-1 have been attempted with 
more effort directed towards route 2, and this has led to the isolation of Zn(TtzPh,Me)2 as 
the product.46, 79 
 The above experiments have led to the conclusion that the Ttz ligands are bound 
less strongly to zinc than the Tp ligands.  It also appears that strong bases, like hydroxide, 
should be avoided in the synthesis of (TtztBu,Me)ZnOH.  Thus, it can be imagined that 
removal of halide from (TtztBu,Me)ZnCl in aqueous solution could result in 
[(TtztBu,Me)ZnOH2]+ or (TtztBu,Me)ZnOH.  However, treatment of (TtztBu,Me)ZnCl with 
Ag(SbF6) in water gave H(TtztBu,Me) as the only organic product, by 1H-NMR and MS 
evidence, and similar results were obtained with other silver salts. As a side note, 
H(TtztBu,Me) has been made independently (Scheme 7-2).  The hydrogen bonding network 
present in H(TtztBu,Me)•H2O and the utility of this molecule as a synthetic starting material 
indicate that the chemistry of Ttz ligands has unique facets not available with Tp ligands. 
 





 The use of a Ttz zinc complex with a readily hydrolysable ligand appeared to be a 




























= Me, Et) complexes cocrystallized with water, indicating that they are water-stable.45  
This was clearly a kinetic rather than thermodynamic stability, as the steric bulk around 
the zinc had made the metal inaccessible.  Zinc alkyls are known to react violently with 
water, when they are sterically accessible.  (TtzPh,Me)ZnEt reacts with water to produce 
(TtzPh,Me)2Zn, and (TtzPh,Me)ZnOH is a plausible intermediate that could undergo 
metathesis to give the observed product (Scheme 7-3).46  Stronger acids (HCB, where CB 
is the conjugate base) reacted slowly with (TtzR,Me)ZnEt (R = tBu, Ph) complexes to give 
(TtzR,Me)Zn(CB) products.46  Evidently, B-N bonds are generally acid stable, even for 
slow reactions (occurring over several days).46  Only in two cases were B-N bond 
cleavage products observed:  both 1) treatment of (TtztBu,Me)ZnEt with HBF4 and 2) 
prolonged (or for shorter time periods with an appropriate Lewis acid catalyst165) heating 
of (TtztBu,Me)ZnEt in the presence of water, produced 3-t-butyl-5-methyl-1,2,4-triazole 
(Scheme 7-3).46 
 




 The use of an amide as a readily hydrolysable ligand has proven most promising, 
but this leads to a rather long synthetic route (Scheme 7-4).  Protonated Ttz ligand 
(HTtztBu,Me, described above) reacts readily with Zn(N(SiMe3)2)2 to produce what is 





CB = conjugate base














this molecule, it is possible that this molecule has an unusual geometry or the Ttz bound 
κ3 or κ2, as the latter would relieve steric congestion at the metal center and permit further 
reactivity.  Attempts to recrystallize this zinc amide complex yielded (TtztBu,Me)ZnOH 
(Figure 7-4), which was formed from hydrolysis of the Zn amide bond in the presence of 
adventitious moisture.  The crystal structure showed similarities to (TptBu,Me)ZnOH and 
the carbonic anhydrase active site.  Steric crowding around the zinc and a lack of co-
crystallized solvent molecules resulted in no hydrogen bonds present in the structure.   
 
Scheme 7-4:  Successful route to (TtztBu,Me)ZnOH via Zn amide.  Zn amide structure is tentatively assigned 





Figure 7-4:  Crystal Structure of (TtztBu,Me)ZnOH, thermal ellipsoids (left) and space-filling (right).  Zn in 
purple, O in red, N in blue, B in pink and C in black and the hydroxyl hydrogen is shown in white. 
 
 Thus many different unique routes to (TtztBu,Me)ZnOH starting from 
(TtztBu,Me)ZnCl, (TtztBu,Me)ZnEt, (TtztBu,Me)Zn(N(SiMe3)2) or Zn(OH2)6•ClO4 and 





route and have emphasized the differences between Tp and Ttz ligands.  Ttz ligands seem 
to readily coordinate to form salts with monocationic ions, and notably, the H+ salt of Ttz 
is quite stable.  The successful route to (TtztBu,Me)ZnOH is a lengthy procedure and has 
not been reproducible.  These studies suggest that (TtztBu,Me)ZnOH is a sensitive molecule.  
These results suggest the use of other ligands, perhaps of intermediate steric bulk, that 
can promote a more efficient route to (TtzR1,R2)ZnOH.  These efforts are in an attempt to 
synthesize a molecule that accurately represents the active sites of hydrolytic Zn enzymes 
while offering improved water solubility. 
 
7.2. Results and Discussion 
 
 Three methods were used to synthesize (TtzR1,R2)ZnOH, using the new TtziPr2 
ligand with intermediate steric bulk:  1) treatment of (Ttz iPr2)ZnLG (LG = leaving group 
= OAc or Cl) with hydroxide,161 2) treatment of Zn(ClO4)2•6H2O with KTtz iPr2 and base, 
and 3) hydrolysis of (Ttz iPr2)ZnEt with water.  The new complexes, TtziPr2ZnCl (7-1) and 
TtziPr2ZnEt, (7-2, Et = -CH2CH3), were synthesized and used as precursors in an attempt 
to form TtziPrZnOH.  A list of these complexes is given in Table 7-1. It is proposed that 
the intermediate steric bulk of the TtziPr2 ligand will allow for a salt metathesis reaction or 
allow for hydrolysis of the Zn-alkyl bond while preventing formation of the homoleptic 
Zn complex, (TtziPr2)2Zn. 
 Furthermore, the copper analog, (TtziPr2)CuOH, will be discussed.  A common 
technique in bioinorganic chemistry is to substitute the diamagnetic d10 Zn-center with a 
more spectroscopically active metal-center. For this reason, the investigation of metal-





provide information on both structure and activity.  Collectively, this data creates a series 
of both structurally and spectroscopically well-characterized model complexes that can 
be compared with the metal-substituted enzymes.  This allows for the elucidation of 
information on substrate binding modes and metal reactivity as evidence for proposed 
mechanisms.   
Table 7-1:  List of complexes by name and number. 





7.2.1. Synthesis and X-ray Crystallography of Zinc Complexes 
 
  
  (TtziPr2)ZnCl (7-1), was prepared by a salt metathesis approach.  For complex 7-1, 
a 1:2 molar ratio of KTtziPr2 and ZnCl2 was allowed to react in methanol.  The solvent 
was removed and the product was extracted into methylene chloride.  The organometallic 
complex (TtziPr2)ZnCH2CH3 (7-2) was prepared from a 1:2 molar ratio of TlTtziPr2 
dissolved in methylene chloride and Zn(CH2CH3)2 dissolved in hexanes.  The solution 
was filtered, the solvents were removed, and the product was extracted into methylene 
chloride.  
 (TtziPr2)ZnCl (7-1) crystallized from hexanes and methylene chloride into a 
monoclinic system (Figure 7-5, Tables 7-2 and 7-3). The packing coefficient (Kp), 
volume per molecule, for 7-1 is 1803.3 Å3.  The zinc-center in 7-1 is in a pseudo-
tetrahedral geometry.  The structure is solvent free and is chemically identical with nearly 






Figure 7-5:  Ortep diagram of (TtziPr2)ZnCl (7-1), hydrogen atoms are omitted for clarity.  Atom labels are 
as follows:  zinc = magenta, chlorine = yellow, nitrogen = blue, and carbon = black. 
 
Table 7-2:  Bond lengths and bond angles for 7-1. 
Bond Lengths (Å)   Bond Angles (°) 
(TtziPr2)ZnCl (7-1)   
Zn-N1 2.023(1)  N1-Zn-N4 91.70(6) 
Zn-N4 2.027(1)  N1-Zn-N7 92.40(6) 
Zn-N7 2.028(2)  N1-Zn-Cl 124.91(5) 
Zn-Cl 2.1574(6)  N4-Zn-N7 91.84(6) 
  N4-Zn-Cl 124.59(5) 
 
 
 Isolation of (TtziPr2)ZnEt (7-2) did not produce high quality crystals that could be 






7.2.2. Attempts at Synthesizing (TtziPr2)ZnOH 
 
 The reactivity of zinc-halide, zinc-perchlorate, and zinc-alkyl complexes towards 
protic reagents in an attempt to isolate the biomimetic complex (TtzR1,R2)ZnOH was 
explored.  As discussed previously, attempts at reacting bulky zinc complexes with water, 
bases, or acids to form the zinc hydroxide complex have failed. Thus, a ligand with 
intermediate steric bulk (larger than Ph, smaller than tBu) should not prevent zinc from 
reacting with water, or other hydroxide sources, while simultaneously provide enough 
bulk for stabilizing the zinc hydroxide moiety once formed.  Most of the methods used 
above were repeated, but with a ligand of intermediate steric bulk. 
 In an effort to form (TtziPr2)ZnOH, a salt metathesis reaction between 
(TtziPr2)ZnCl and NaOH was attempted (Scheme 7-5).  Recrystallization in methylene 
chloride layered with hexanes produced small, clear solids.  These solids were analyzed 
by spectroscopic techniques. Chemical ionization of the product led to fragmentation 
peaks that correspond to a mixture of NaTtziPr2 and (TtziPr2)ZnCl.  Infrared spectroscopy 
did not detect an O-H stretch in the product.  The 1HNMR spectrum shows peaks that 
correspond to (TtziPr2)ZnCl.  There are additional peaks present that correspond to 
NaTtziPr2 (the spectrum is identical to this complex synthesized independently as 
discussed in Chapter 3).   
 As discussed above, previous attempts to make (TtzR,R)ZnOH through this route 
resulted in (TtztBu,Me)NaOH2.  This is unlikely to occur, as IR spectroscopy does not 
detect an OH band, there are no signals in the 1HNMR that correspond to the Na-bound 
water molecule, and CI-MS does not detect a fragmentation peak corresponding to 





present and that unreacted NaOH, NaCl, and Zn(OH)2 (or similar zinc hydroxide 
complexes) byproducts were removed during the methylene chloride extraction.  
Presumably, the tendency for these zinc hydroxide byproducts to form directs the course 
of this chemistry for Ttz-ligands.   
 Another method, attempted by graduate student Sopheavy Siek, involved the use 
of 7-1, a Lewis acid, and water.  Complex 7-1 was reacted with AgSbF6 in a 
methanol/water medium (Scheme 7-5).167  CI-MS did not detect the desired molecular 
ion peak, the base peak detected by CI-MS at 532 m/z corresponds to (TtziPr2)Zn.  
Presumably, the hydroxide anion fragmented off before the complex reached the detector, 
similar to Kitajima’s observations for (TpiPr2)ZnOH.168  Importantly, (TtziPr2)ZnCl was 
not detected, suggesting that the complex reacted.  The most intense peaks in the 1HNMR 
are slightly shifted from the expected values for (TtziPr2)ZnCl.  The –OH resonance is not 
observed.  In this regard, it should be noted that Kitajima also did not see a resonance for 
the –OH peak.  However, the resonance for the hydroxy species could be observed on the 
deuterated complex obtained by an exchange reaction via D2O via 2HNMR and should be 
attempted in the future by Sopheavy Siek.74  Markedly, IR detects a peak at 3482 cm-1 
that may correspond to an –OH group, although the frequency is much lower than those 
reported in the literature (3668 cm-1).74  A peak corresponding to the B-H stretching 
mode was observed at 2547 cm-1 that is shifted by 9 cm-1 compared to the starting 
material. Notably, the same vBH  stretch was observed by Kitajima and Parkin’s group.74, 










 A salt metathesis between what is presumably (TtziPr2)ZnClO4 or TtziPr2ZnOH2  
ClO4 and KOH in methanol (Scheme 7-6) was attempted.  Presumably (TtziPr2)ZnClO4 or 
TtziPr2ZnOH2  ClO4 was formed in situ from KTtziPr2 and Zn(ClO4)2 6 H2O, followed by 
addition of KOH to the solution to achieve the desired product.  As mentioned previously, 
Ttz and Tp are sensitive to B-N cleavage in the presence of zinc perchlorate.  However, 
the iPr-group is more sterically bulky compared to a Me-group in the 3-position and 
should provide more protection for the B-N bond.   
 CI-MS and LIFDI did not detect a molecular ion fragment, but did detect a peak 
at 532 m/z that corresponds to (TtziPr2)Zn, as mentioned in the Tp-literature.168  A weak 
peak at 1083.5 m/z could presumably correspond to the bridged species [(TtziPr2Zn)2(µ -
OH)]+.  This could be a fragmentation peak of (TtziPr2Zn)2(µ -OH)2, where an –OH group 
is lost.  A weak peak at 1127.5 m/z could presumably correspond to (TtziPr2Zn)2(µ -CO3), 
a product formed from the hydration of CO2 by (TtziPr2Zn)2(µ-OH).74  The decrease in 
steric bulk, relative to tBu-groups, around Zn would allow for this reaction to occur 





569.2 m/z which may have formed during recrystallization in methylene chloride 







 IR spectroscopy shows bands at 3544 cm-1 and 1635 cm-1 that could be associated 
with (-OH) and (-CO3), respectively.74  The vOH is lower than the reported value for 
(TpiPr2)ZnOH (vOH = 3668 cm-1) and this could be a result of the hydroxide anion bridging 
two Zn-centers.  The vCO value is in between the values observed for  [(TptBu,Me)Zn]2(µ-
η1-η1-OCO2) (vCO = 1675 cm-1) and (TptBu,Me)ZnOCO2H (vCO = 1587 cm-1) and it is 
significantly higher than [(TpiPr2)]2Zn(µ-η1-η2-OCO2) (vCO = 1530 cm-1) (Figures 7-6 and 
7-7).74  Thus, the vCO is suggestive of a unidentate, bridging [(TtziPr2)Zn]2(µ-η1-η1-OCO2) 
complex.   
























Figure 7-6:  Illustration of [(TpiPr2)]2Zn(µ-η1-η2-OCO2), adapted from image in Ref 74. 
 
Figure 7-7:  Illustration of [(TptBu,Me)]2Zn(µ-η1-η2-OCO2), adapted from image in Ref 74. 
 
 The 1H-NMR does not show a peak that corresponds to OH, but this peak could 
be very weak if it is bridging two Zn-centers and it is not uncommon for this peak to go 
undetected, as discussed previously. 74  Furthermore, 1H-NMR detects one set of ligand 
peaks that are close in value with the ligand peaks observed for (TtziPr2)ZnCl.  However, 
the ligand resonances could be very similar.  Since an –OH peak is not observed, it is 
difficult to determine the molecule that the resonances represent. 
 Another attempt at synthesizing TtziPr2ZnOH included the hydrolysis of 
(TtziPr2)ZnCH2CH3 (Scheme 7-8). The reaction was monitored using 1H-NMR 
spectroscopy.  Initially, the primary peaks observed belong to (TtziPr2)ZnCH2CH3.  After 
several days, new peaks began to form (at 3.32 (m) and 1.33 (d) ppm) at similar 
resonances to 7-1 (or a species with similar resonances).  After one week, the new peaks 



























the second week, the 1H-NMR remained the same.  The decrease in the peaks 
corresponding to –CH2CH3 and the growth of the new peaks suggests that there was a 
mixture of 7-2 and 7-1 (or a species with similar resonances).  Removal of the solvent 
gave a residue that was analyzed by spectroscopic techniques.  Chemical ionization of the 
product led to fragmentation peaks at 532.3 m/z and 568.2 m/z whose isotopic patterns 
match (TtziPr2)Zn and (TtziPr2)ZnCl.  Fragmentation peaks for (TtziPr2)ZnCH2CH3 and 
(TtziPr2)ZnOH were not observed.  The source of the Cl- is not clear, but can be assumed 
to come from an impurity in the methylene chloride or a residual salt from the triazole 
synthesis.  IR spectroscopy did not measure a band associated with a hydroxide ligand.   
 The procedure was repeated; however, the reaction refluxed at 60oC for 4 days 
(Scheme 7-7). After several days of heating, 1H-NMR shows that the peaks representing 
the ethyl group disappeared, suggesting that there was an anionic exchange.  CI-MS 
measures a fragmentation at 568 m/z, where the isotopic pattern corresponds to 
(TtziPr2)ZnCl.  It is clear that (TtziPr2)ZnOH was not isolated via both routes and that there 
is an impurity that serves as a Cl-source.    
Scheme 7-7:  Attempted hydrolysis of (TtziPr2)ZnCH2CH3 to form (TtziPr2)ZnOH. 
 
 
 Evidence suggests that the reaction of KTtziPr2 with Zn(ClO4)2 6 H2O to generate 
(TtziPr2)ZnClO4 or (TtziPr2)ZnOH2  ClO4 in situ followed by the addition of KOH has led 
(TtziPr2)ZnCH2H3
THF/H2O
















to the formation of (TtziPr2ZnOH)2.  CI-MS and IR data suggests that this species reacts 
rapidly with CO2 in the air to form  [(TtziPr2)Zn]2(µ-η1-η1-OCO2), making it a suitable 
model for carbonic anhydrase.  Isolation of pure (TtziPr2ZnOH)2 suitable for X-ray 
crystallography has been elusive. Presumably, synthesis of (TtziPr2ZnOH)2 under air free 
conditions would prevent formation of [(TtziPr2)Zn]2(µ-η1-η1-OCO2).  The reactivity of 
(TtziPr2ZnOH)2 with CO2 can be carried out in air using 1HNMR spectroscopy.74  
Furthermore, more rigorous techniques for drying methylene chloride are necessary for 
removal of halide containing impurities or more rigorous HtzR1,R2 purification techniques 
are required to remove any chloride containing salts. 
7.2.3. (TtziPr2Cu)2(u-OH)2 as a Model for Carbonic Anhydrase 
 
 The preliminary data for (TtziPr2)ZnOH suggests that it presumably reacts readily 
with CO2 in the air, making it a good model for carbonic anhydrase.  Since isolation of 
(TtziPr2)ZnOH has not been achieved, synthesis of (TtziPrCu)2(µ-OH)2 (7-3) was 
attempted in order to gain a better understanding of the (TtziPr2)MOH system 
spectroscopically.  
 (TtziPrCu)2(µ-OH)2 (7-3) was synthesized from the reaction of (TtziPr2)CuNO2 (5-3) 
or (TtziPr2CuCl)2 with adventitious water and base. Complex (7-3) recrystallized from 
methylene chloride layered with hexanes to give blue crystals that were examined by X-






Figure 7-8:  Ortep diagram of complex 7-3, hydrogen atoms are omitted for clarity. 
 
 
Table 7-3:  Corresponding bond lengths and angles for (TtziPr2Cu)2(OH)2. 
Bond Lengths (Å)   Bond Angles (°) 
(TtziPr2Cu)2(µ-OH)2 (7-3)   
Cu-N1 2.039(2)  N1-Cu-N4 88.88(7) 
Cu-N4 2.328(2)  N1-Cu-N7 87.99(8) 
Cu-N7 2.015(2)  N1-Cu-O1 97.08(8) 
Cu-O1 1.936(2)  N1-Cu-O2 166.49(8) 
Cu-O2 1.946(2)  N4-Cu-N7 86.46(8) 
  N4-Cu-O1 105.53(7) 
  N4-Cu-O2 103.64(7) 
  N7-Cu-O2 167.00(8) 
  N7-Cu-O2 97.72(8) 






 Each Cu-center crystallized into a square-pyramidal geometry, bridged by two 
hydroxide ligands.  The measured Cu-N and Cu-O bond lengths and angles support a 
square pyramidal geometry for each Cu-center (τ=0.01) and are given in Table 7-3.  The 
solid-state structure is similar to the analogous  (TpiPr2Cu)2(OH)2 dimer.26  The Cu-O 
bond lengths are slightly shorter and the Cu-N bond lengths are slightly longer when 
compared to the analogous Tp complex, presumably due to the weaker donating property 
of Ttz.  
 FAB-MS detected a fragmentation peak at 595 m/z, corresponding to 
(TtziPr2)CuOH  2H2O and at 532 m/z corresponding to TtziPr2Cu.  A molecular ion peak 
for the bridged species is not observed and this could be a result of fragmentation of the 
dimeric complex before reaching the detector.  
 IR spectroscopy was used to determine the electronic properties of the complex. 
The B-H stretching vibration was observed at 2538 cm-1 and the O-H stretching vibration 
was observed at 3675 cm-1.  The reported value for the B-H stretching vibration is at 
2527 cm-1 and the O-H stretching vibration is at 3645 cm-1 for (TpiPr2Cu)2(OH2)2.  UV-vis 
spectroscopy measured a charge transfer band at 329 nm (e = 1429.8 M-1cm-1) and a 
weak LMCT band at 676 nm.  The LMCT band is at a lower wavenumber than that 
observed for the Cu-substituted carbonic anhydrase enzyme (760 nm).112  The lower 
wavenumber is a result of the short Cu-O bond distances that are observed in the five-
coordinate complex 7-3.112 
 Attempts at using TtztBu,Me and TtzPh,Me for isolating (Ttz)CuOH were not 
successful.  However, TtziPr2 achieved isolation of (TpiPr2Cu)2(OH2)2 and thus should be 





understood spectroscopic series can be created and useful mechanistic information for 




 The reaction of KTtziPr2 with Zn(ClO4)2  6 H2O to generate (TtziPr2)ZnClO4 or 
(TtziPr2)ZnOH2  ClO4 in situ followed by the addition of KOH has led to the probable 
formation of (TtziPr2ZnOH)2.  It can be postulated that the intermediate steric bulk of the 
iPr- groups and the weak donor properties of the Ttz-ligand prevents formation of the 
homoleptic bis ligand complex but enhances the reactivity of ZnOH towards CO2 
hydration (from the air) compared to (TpiPr2)ZnOH.74  This needs to be considered when 
preparing (TtziPr2ZnOH)2.  Presumably, synthesis of (TtziPr2ZnOH)2 under air free 
conditions would prevent formation of [(TtziPr,Me)Zn]2(µ-η1-η1-OCO2). Furthermore, a 
more rigorous drying procedure for methylene chloride needs to be used to remove all 
impurities, not just water, to prevent formation of (TtziPr2)ZnCl.  Thus, the TtziPr2 ligand 
could support a good structural and functional mimic for carbonic anhydrase.  The 
reactivity studies of (TtziPr2ZnOH)2 with CO2 can be carried in air using 1HNMR 
spectroscopy.74   
 TtziPr2 achieved isolation of (TtziPr2Cu)2(µ-OH2)2, a metal substituted ZnOH 
analog that can be analyzed by additional spectroscopic techniques. This suggests that 
TtziPr2 should be able to support other MOH complexes (M= Mn, Co, Ni).  One can 
envision the development of a fully characterized spectroscopic series that can be used to 










7.4.1. General Methods 
 
 Preparation of KTtziPr2 and TlTtziPr2 were prepared according to their literature 
procedure and/or their procedure discussed in Chapter 3.51  NMR spectra were recorded 
using either a 300 MHz or a 500 MHz Varian Unity Inova NMR spectrophotometer.  IR 
spectra were recorded on a Perkin-Elmer Spectrum One Fourier-transform IR absorption 
spectrophotometer. High-resolution mass spectrometry was performed on VG70SE 
double focusing, triple quadruple mass spectrometer equipped with CI ionization 
capability.  Elemental analyses were performed by Robertson Microlit.  WARNING:  
perchlorate salts are highly reactive and should be handled with care. 
7.4.2. Synthesis of (TtziPr2)ZnCl (7-1).   
 
 To a solution of KTtziPr2 (0.200g, 4.07x10-4 mol) in methanol was added ZnCl2 
(0.109g, 8.14x10-4 mol) in methanol.  After stirring for 24 hours, methanol was removed 
under reduced pressure.  Recrystallization from methylene chloride and hexanes gave 
large, clear crystals (0.061g, 1.07x10-4 mol, 27% yield).  1 HNMR (500 MHz, CDCl3): δ 
1.35, 1.33 (36 H d,d, CH3-iPr), δ 3.32 (3 H, m, CH3-iPr), δ 3.43 (3 H, m, CH3-iPr) ; 
13CNMR (300 MHz, CDCl3): δ 21.55 (CH3-iPr), 21.95 (CH3-iPr), 26.70 (CH-iPr), 27.86 
(CH-iPr), 166.59 (C-tz), 170.12 (C-tz); IR: 2547 cm-1 (BH); CI-MS m/z = 568.2784 
[M+H]+ (calc = 568.279271)  Anal. Calcd for TtziPr2ZnCl: C, 50.77; H, 7.64; N, 22.22. 





7.4.3. Synthesis of (TtziPr2)ZnEt (7-2).   
 
To a solution of TlTtziPr2 (0.0500 g, 7.43 x 10-5 mol) in methylene chloride was added 
Zn(CH2CH3)2 (0.0149 mL, 1.49 x10-4 mol) in hexanes.  After stirring for 24 hours, the 
solution was filtered and the solvent was removed under reduced pressure.  
Recrystallization in methylene chloride produced clear solids (0.0200 g, 3.56 x10-5 mol, 
47.95% yield).  1HNMR (500 MHz, CDCl3):  δ0.55 (q, 2 H, -CH2CH3), 1.29 (d, 3 H, 
CH3-iPr), 1.31 (d, 3 H, CH3-iPr), 1.425 (t, 3 H, -CH2CH3), 3.145 (m, 18 H, CH-iPr), 
3.451 (m, 18 H, CH-iPr); 13CNMR (300 MHz, CDCl3):  δ13.03 (CH3-Et), 22.04 (CH3-
iPr), 22.181(CH3-iP2), 26.59 (CH2-Et), 26.71 (CH-iPr), 27.92 (CH-iPr), 13.03 (CH3-Et), 
166.59 (C-tz), 169.63 (C-tz); IR: 2543 cm-1 (BH); CI-MS m/z = 562.3476 [M+H]+ (calc 
=562.349544).  Anal. Calcd for TtziPr2ZnCH2CH3: C, 55.581; H, 8.618; N, 22.451; Found: 
C, 54.66; H, 8.24; N, 21.63.    
7.4.4. Synthesis of (TtziPr2Cu)2(µ-OH)2 (7-3) 
 
 To a solution of (TtziPr2)CuNO2 (5-3) in methylene chloride and hexanes, 
adventitious water and base led to the recrystallization of 7-3 to give blue crystals 
suitable for X-ray analysis.  
 A controlled synthesis of complexes 7-3 was attempted but did not yield the 
desired product.  To a solution of (TtziPr2Cu)2(µ-Cl)2 (5-9) ( 0.031 g, 2.73 x10-5 mol) in 
methylene chloride was added NaOH ( 0.0120 g, 3.00 x10-4 mol) in 2 mL of DI water. 
After stirring for 48 hours, the solvent was removed by rotary evaporation to give blue 
solids.  Recrystallization from methylene chloride and hexanes did yield crystals suitable 
for X-ray analysis.  Crude material:  1HNMR (500 MHz, CDCl3):  δ 3.426 (m, 3 H, CH-





cm-1 (OH), 2538 cm-1 (BH); FAB-MS: 595 m/z [TtziPr2CuOH  2H2O + H+]+ and at 532 
m/z [TtziPr2Cu + H+]+. 
7.4.5. Method 1 for forming TtziPr2ZnOH 
 
 To a solution of 7-1 (0.092 g, 1.62 x 10-4 mol) in acetonitrile was added NaOH 
(0.00972 g, 2.43 x10-4 mol) in methanol.  After stirring for 24 hrs, the solvents were 
removed by rotary evaporation.  Recrystallization from methylene chloride and hexanes 
gave small, clear crystals not suitable for X-ray analysis (0.019 g, 3.44 x 10-5 mol, 21.26% 
yield).  1H-NMR (500 MHz, CDCl3):  δ 3.58 (m), 3..48 (m), 3.32 (m), 3.02 (m), 1.34 
(overlapping d), 1.288 (overlapping d).  IR: 2555 cm-1 (BH); CI-MS m/z = 531.296990 
[TtziPr2Zn]+ (calc. = 531.294768).  
7.4.6. Method 2 for forming TtziPr2ZnOH 
 To a solution of 7-1 (0.050 g, 0.0881 mmol) in methylene chloride was added 
AgSbF6 (0.037 g, 0.108 mmol) in DI-water.  After stirring for 24 hours, the solvents were 
removed under reduced pressure (crude yield 0.042 g, 0.077 mmol 88 %).  The solution 
was not exposed to light during synthesis and workup.  1HNMR (500 MHz, CDCl3): δ 
1.35, 1.33 (d,d), δ 3.31 (m), δ 3.43 (m); IR: 2548 cm-1 (BH), 3483 (OH); CI-MS m/z = 
532.3 [TtziPr2Zn+H]+.  
7.4.7. Method 3 for forming TtziPr2ZnOH 
 
 To a solution of KTtziPr2 (0.0500 g, 9.84 x 10-5 mol) in methanol, 
Zn(ClO4)2 · 6H2O (0.0360 g, 9.85 x10-5 mol) in methanol was slowly added. After 
stirring for 1.5 hours, a solution of KOH (0.00550 g, 9.85 x 10-5 mol) in methanol was 
added. After 1.5 hours, the solution was filtered through a funnel to remove KClO4 





solids formed. Recrystallization in methylene chloride produced small, white solids not 
suitable for X-ray analysis (0.042 g, 7.65 x10-4 mol, 77.7% yield). 1HNMR (500 MHz, 
CDCl3): δ 1.18 (d), 1.33 (d), 3.25 (m), 3.45 (m). 13CNMR (300 MHz, CDCl3): δ 21.942, 
22.009, 26.675, 27.649, 166.35, 170.115. IR: 2544 cm-1 (BH), 3544 cm-1 (µ-OH), 1635 
cm-1 (µ-CO3),  CI-MS m/z = 1083.5 [(TtziPr2Zn)2(µ-OH)], 1127.5 [(TtziPr2Zn)2(µ-CO3)], 
685.4 [TtziPr2Zn (tziPr2)], 631.2 [TtziPr2ZnClO4], 532.2. [TtziPr2Zn+H]+  
7.4.8. Method 4 for forming TtziPr2ZnOH  
 To a solution of 7-2 (0.270g, 4.81 x 10-4 mol) in THF was added a 1 M solution of 
H2O in THF (0.05 mL, 5.00 x 10-4 mol).  The reaction progress was monitored by 
1HNMR.  The solvent was removed via rotary evaporation to give a sticky residue. 
1HNMR (500 MHz, CDCl3): δ0.58 (q), 1.33 (d), 1.39 (d), 1.426 (t), 3.146 (m), 3.324 (m), 
3.449 (m); CI-MS m/z = 532.3 [TtziPr2Zn+H]+ and 568.277415 [TtziPr2ZnCl]+ (calc = 
568.279271). 
 The experiment was repeated, but the reaction occurred during reflux and 2 molar 
equivalents of water were used. To a solution of 7-2 (0.270g, 4.81 x 10-4 mol) in THF 
was added a 1 M solution of H2O in THF (0.096 mL, 9.60 x 10-5 mol).  The solution 
refluxed at 60oC.  The solvent was removed via rotary evaporation.  1HNMR (500 MHz, 
CDCl3): δ0.58 (q), 1.33 (d), 1.39 (d), 1.426 (t), 3.146 (m), 3.324 (m), 3.449 (m); CI-MS 








7.4.9. X-ray Crystallography 
 
Table 7-4:  Crystallographic data for complexes 7-1 and 7-3.  Experiments were carried out at 100 K with 
Mo Ka radiation using a Bruker AXS SMART APEX CCD diffractometer. Data collection used w scans. 









(TtziPr2)ZnCl (7-1) (TtziPr2Cu)2(µ-OH)2 (7-3)
Chemical formula B2C55N18H57O12Zn2 B2C48N18H88Cu2O2
Mr 1385.45 1098.21
Crystal system, 
space group Monoclinic, P2(1)/c Monoclinic, P2(1)/n
a, b, c (Å) 26.312(6), 11.316(2), 25.932(6) 9.6552(11), 26.893(3), 13.2267(15)
α, β, γ, (°) 90, 110.907(4), 90 90, 93.0014(17), 90
V (Å3) 7213(3) 3429.1(7)
Z 4 2
F(000) 1208 1172
Dx (Mg m-3) 1.276 1.063
No. of reflections for 
cell measurement
2023 1770
2Θ range for cell 
measurement 2.50, 30.81 2.24, 31.68
m(mm-1) 0.963 0.665
Crystal shape plate block
Colour colorless blue
Crystal size (mm) 0.51 x 0.45 x 0.21 0.55 x 0.39 x 0.31
Radiation source Fine-focus seal tubed Fine-focus seal tubed
Monochromator Graphite Multi-scan Graphite Multi-scan
Absorption 
correction Apex 2 v2011.2-0 (Bruker, 2011) Apex 2 v2011.2-0 (Bruker, 2011)
 Tmin, Tmax 0.5830, 0.7463 0.5987, 0.8623
No. of measured, 
independent and 
observed [I > 2σ(I)] 
reflections 15676, 7123, 5921 8502, 8502, 7965
Rint 5921 7965
min. and max. 2Θ 2.16, 28.28 1.51, 28.28
Range of h, k, l h = -12 ≤ 12, k = -20 ≤ 21, l = -25 ≤ 22 h = -12 ≤ 12, k = 0 ≤ 35, l = 0 ≤ 17
R[F2 > 2s(F2)], 
wR(F2), S 0.0460, 0.1037, 1.035 0.0564, 0.1156, 1.239
No. of reflections 7123 8502
No. of parameters 337 386
No. of restraints 0 48









 The chemistry of transition metal complexes supported by scorpionate ligands has 
been under intense scrutiny for almost 50 years, resulting in more than 2000 papers 
published on over 70 elements supported by tris(pyrazolyl)borate (Tp).72  Aformentioned, 
less bulky TpH,H and TpMe2 ligands support sandwich complexes of divalent transition 
metals,73 but bulky TpR,1R2 ligands support low-coordinate metal complexes relevant to 
biomimetic and organometallic chemistry.71  These complexes have been shown to 
catalyze various organic transformations, including the hydration of CO2, but under 
nonaqueous conditions.  Thus, this limits their use as biomodels for hydrophilic enzymes 
or as catalysts for applications in the area of green chemistry.     
 Until recently, tris(triazolyl)borate (Ttz) ligands acquired significantly less 
attention, and only unsubstituted triazoles and 3,5-dimethyltriazoles were used to build 
the Ttz ligands that support homoleptic bis ligand complexes and 6-coordinate 
(TtzR1,R2)Mo2OCl complexes.73, 78  Within the last six years, Papish et al. have 
synthesized two bulky Ttz-derivatives, TtzPh,Me and TtztBu,Me that are capable of 
supporting low-coordinate transition metal complexes.14, 46, 77a-c  Furthermore, the 
transition metal complexes are soluble in methanol and aqueous containing environments, 
making them more suitable for modeling hydrophilic enzymes and as catalysts in green 
chemistry applications.77a  However there are limitations to their chemistry:  1) TtzPh,Me 
has a high tendency to form homopleptic bis ligand complexes with divalent transition 
metals and 2) TtztBu,Me is too sterically hindered to allow for isolation of catalytic MOH 





 (a)                  (b)  
Figure 8-1:  Illustration of (a) TtziPr,Me and (b) TtziPr2. 
 
 Attempts at pursuing low-coordinate transition metal complexes with the new 
Ttz-derivatives introduced in Chapter 3, TtziPr2 and TtziPr,Me, will be discussed (Figure 8-
1).51  The newly synthesized TtzR1,R2 ligands are similar to the analogous Tp-ligands, 
TpiPr and TpiPr,Me , where the iPr-groups are positioned at the 3-position on the azole ring.   
Importantly, when HtpiPr,Me was allowed to react with KBH4, a borotropic rearrangement 
to relocate the isopropyl group to the 5-position occurred, resulting in a mixture of 
regioisomers.81  Synthesizing complexes with an isomeric mixture of KTtziPr,Me will be 
complicated by the distinct abilities of the ligand isomers to form stable complexes and 
by the possibility that the ligand will further rearrange when it coordinates with a metal 
(Figure 8-2).79, 81a  
 
Figure 8-2:  Rearrangement of TpiPr, Me when bound to a divalent metal, L= anionic or neutral ligand, 
































 To avoid borotropic rearrangement, iPr-groups were positioned in both the 3- and 
5-positions of the pyrazole ring to form TpiPr2.  Thus, isolation of divalent transition metal 
complexes occurs more readily since the rearrangement cannot occur.  It is predicted that 
similar observations will be seen with TtziPr,Me and TtziPr2, where rearrangements of 
TtziPr,Me will occur when bound to a divalent transition metal.  TtziPr2 should provide 
enough steric bulk to allow for the formation of metal complexes that can not be achieved 
when either TtztBu,Me or TtzPh,Me are used as supporting ligands. 
 Additionally, the chemistry of TtzPh,Me will further be explored.  As mentioned 
previously, less bulky TpR1,R2 and TtzR1,R2 support five and six-coordinate Mo-complexes 
that serve as models for Mo-containing enzymes.  These enzymes catalyze distinct 
chemical reactions, such as nitrogen fixation, nitrogen activation, and oxygen atom 
transfer (OAT) processes.97  Generally, Mo(VI), Mo(V) and Mo(IV) species are formed 
during the catalytic cycle of these processes.  As discussed in Chapter 1, an inherent 
feature in Mo-containing enzymes is the cis-geometry of the two oxo-ligands bound to 
Mo (Figure 8-3).   
 
Figure 8-3:  General illustration of a Mo-containing enzyme, sulfite oxidase.   
 
 Evidently, model enzymes require an ancillary ligand with less steric bulk that 
forces the geometry of two oxygen ligands cis to each other.  Interest in isolating the 
transient Mo(V) species formed during the catalytic cycle (see Chapter 1) initiated this 













mononuclear Mo(V) center, the Mo(V) center readily forms a Mo-dimer.169  The 
disadvantage of using less bulky TtzR1,R2 or TpR1,R2 ligands is that the intermediate Mo(V) 
center is not sterically hindered enough to prevent dimerization.   It is predicted that 
TtzPh,Me is bulky enough to isolate TtzPh,MeMoOxClx  while preventing dimerization of the 
Mo(V) intermediate species that forms during catalysis. Herein, the pursuit of 
(TtzPh,Me)MoO2Cl and (TtzPh,Me)MoCl2O complexes will be discussed.  
 
8.2. Results and Discussion 
 
 Initial attempts at isolating low coordinate transition metal complexes were made 
with TtziPr,Me and TtziPr2.  The complexes were synthesized from the reaction of TtzR1R2 
with the appropriate metal salt (MX2  nH2O).  The less bulky TtzPh,Me ligand was used to 
support (Ttz)MoO2Cl or (Ttz)MoCl2O complexes that model Mo-containing enzymes 
and were synthesized from TtzR1,R2 salts and either MoO2Cl2(OPPh3)2, MoO2Cl2, or 
MoCl5.  A list of complexes is given in Table 8-1.  All complexes were characterized by 
CI-MS and IR; and the Ttz-Zn and Ttz-Mo complexes were also characterized by 
1HNMR. 
Table 8-1:  List of all complexes by name and number. 















8.2.1.  Transition Metal Complexes of TtziPr,Me and TtziPr2 
 
 TlTtziPr,Me was allowed to react with the appropriate metal salt (MX2  nH2O) at a 
1:1.5 molar ratio in a solution of methanol for at least 24 hours to form complexes 8-1 
through 8-4 (Scheme 8-1).  KTtziPr2 was allowed to react with the appropriate metal salt 
(MX2  nH2O) at a 1:1.5 molar ratio in a solution of methanol/methylene chloride for at 
least 24 hours to form complexes 8-5 and 8-6 (Scheme 8-1).  Several recrystallization 
methods were attempted: 1) methylene chloride layered with hexanes at room 
temperature, 2) methylene chloride at -38oC, 3) slow diffusion of hexanes into the 
solution of methylene chloride, 4) methylene chloride layered with methanol at room 
temperature, 5) THF layered with hexanes, and 6) toluene layered with hexanes.  These 
methods did not afford crystals suitable for X-ray crystallography for complexes 8-1 
through 8-7.  
Scheme 8-1:  General reaction for TtzR1,R2 with a divalent metal salt for synthesizing complexes 8-1 
through 8-6. 
 
 Complexes 8-1 through 8-3 were analyzed by CI-MS.  High-resolution CI-MS 
detected a molecular ion peak for 8-1 at 478.19 m/z, a molecular ion peak for 8-2 at 484.1 
m/z, and a molecular ion peak for 8-3 at 484.2 m/z.  IR detected a B-H stretch at 2468 
cm-1 for complex 8-1, at 2547 cm-1 for complex 8-2, and at 2483 cm-1 for complex 8-3.  
All CI-MS matched the predicted values and isotopic patterns, and all B-H stretches are 
within the predicted range.  Complex 8-3 was analyzed by 1HNMR; however, the 
spectrum is not easily interpreted.  The number of peaks suggests that multiple isomers 
formed.  The CI-MS and IR data suggests that the ligand is bound to a metal center.  








However, suitable crystals for X-ray crystallography and elemental analysis were not 
achieved.  Metal complexation with KTtziPr,Me is complicated by both the presence of 
multiple ligand regioisomers and the possibility of additional ligand rearrangement 
during metal coordination.  Thus, it is likely that multiple isomers formed during metal 
coordination and these isomers are not readily separated during recrystallization (Figure 
8-2).   
 For (TtziPr,Me)ZnOAc(8-4), CI-MS did not detect an M+1 peak at 508.2 m/z or  a 
(TtziPr,Me)Zn peak at 449 m/z.  However, there is a peak at 896.1 that corresponds to 
(TtziPr,Me)2Zn2 which could be a fragmentation of a coordination polymer (Figure 8-4).  
Furthermore, a peak at 831.4 m/z was detected and corresponds to (TtziPr,Me)2Zn which 
could also be a fragmentation peak of the coordination polymer shown in Figure 8-4, or 
an isomer formed during synthesis.  
 
Figure 8-4:  Coordination polymer of [(TtziPr,Me)ZnOAc]n that formed. 
 
. The 1HNMR spectrum of the ligand gives two resonances that correspond to the 
two coordination modes of the triazolyl ring: exodentate and endodentate.  There are two 
signals at 1.25 and 1.34 ppm that correspond to the iPr-CH3 groups and there are two 
signals at 2.26 and 2.21 ppm that correspond to the methyl groups.  The iPr-CH 
resonances are low in intensity, broad, and located at 2.85 and 3.15 ppm.  Importantly, 


























stayed bound to the metal center.  The IR spectrum shows a B-H stretch at 2361 cm-1 and 
a CO stretch at 1584 cm-1.  
 As mentioned in Chapter 1, Ttz and Tp zinc complexes can form the molecular 
chelate complex or the 3D coordination polymer; however, the 3D coordination polymer 
is thermodynamically favored because the N4 atom has the most negative charge, and 
initial coordination of the exodentate N favors coordination polymer formation.22  
Coordination of N4 is sometimes observed for Mn and Zn(II) since the lack of LFSE for 
d5 and d10 metals means that achieving octahedral geometry is not paramount and other 
geometries are possible as the ligand binding to these metals is primarily ionic.  Based on 
the first principle, MS, and NMR data (especially the presence of an acetate resonance at 
2.08 ppm), formation of a coordination polymer likely occurred, but further evidence is 
required to determine the structure of the zinc acetate species.   
 Since isolation of a pure, (TtziPr,Me)M(II)X complex was difficult, a TtzR1,R2 ligand 
with similar steric bulk was used to isolate divalent transition metals.  Many of these 
complexes have been discussed in Chapters 4 (TtziPr2CuCO), 5 (TtziPr2CuNO2, 
(TtziPr2CuCl)2, TtziPr2CuNO3), and 7 (TtziPr2ZnCl, TtziPr2ZnCH2CH3), but two other 
complexes were also synthesized: TtziPr2CuOAc (8-5) and TtziPr2NiCl (8-6) and will be 
discussed herein.  
 High-resolution CI-MS was used to detect the molecular ion peak for complex 8-5 
and 8-6 that correspond to their predicted values and isotope patterns.  A molecular ion 
peak was detected for 8-6 at 562.3 m/z and a peak for (TtziPr2)Ni was detected at 525.3 
m/z.  A molecular ion peak was detected for 8-5 at 591.3 m/z.  IR detected a B-H stretch 





the predicted values and isotopic patterns, and all B-H stretches are within the predicted 
range.  This data confirms that the desired complex was synthesized; however, crystals 
that were not suitable for X-ray crystallography or elemental analysis were obtained.  
This is could be due to the flexible nature of the iPr-groups, which can make packing of a 
single molecule into a crystal lattice difficult. 
 The electronic properties of 8-5 were investigated.  Complex 8-5 in methylene 
chloride shows a LMCT absorption at 283 nm (ε=5374 mol-1cm-1).  The EPR spectrum of 
8-5 in frozen methylene chloride has g-values of gz= 2.31, gy=2.065, gx=2.065 with no 
observable hyperfine splitting.  These values, where gz > gx, gy, correspond to a dx2-y2 
ground-state suggesting that the complex has a square-pyramidal geometry in solution, 
similar to the Cu-centers in (TtziPr2)CuNO2 and (TtziPr2)CuNO3. 
 As a side note, one attempt at synthesizing NaTtziPr2 resulted in a mixture of 
NaTtziPr2 and sodium bis(3,5-diisopropyl)hydroborate (NaBtziPr2) due to low reaction 
temperatures.  This was realized during the analysis of a crystal which was thought to be 
TtziPr,MeCuCl, but was actually (BtziPr,Me)2Cu, where the Cu-center is in a square-planar 






Figure 8-5:  Ortep diagram of (BtziPr2)2Cu, hydrogens are omitted for clarity.  Copper= orange, nitrogen = 
blue, carbon = grey, and boron= pink. 
 
Table 8-2:  Bond lengths and angles corresponding to (BtziPr2)2Cu. 
Bond Lengths (Å)  Bond Angles (°) 
(BTziPr2)2Cu   
Cu-N1 1.974(1)  N1-Cu-N4 88.59(4) 
Cu-N4 1.975(1)  N1-Cu-N7 93.16(4) 
Cu-N7 1.974(1)  N1-Cu-N10 176.50(4) 
Cu-N10 1.983(1)  N4-Cu-N7 175.06(4) 
  N4-Cu-N10 92.19(4) 




 TtziPr2 has shown to be the most suitable ligand for isolating low-coordinate 
complexes with intermediate steric bulk.  This is due to the placement of iPr-groups in 
both the 3- and 5- position, which prevents rearrangement of the ligand during ligand 





challenging when compared to TtztBu,Me and TtzPh,Me, and this is presumably due to the 
flexible nature of the iPr-groups, which as mentioned previously, can make packing of 
single molecules into a crystal lattice difficult. 
8.2.2.  Mo-complexes of TtzPh,Me 
 
 The less bulky TtzPh,Me ligand often leads to the formation of coordinatively 
saturated sandwich complexes (TtzPh,Me)2M(II) or coordination polymers (TtzPh,Me)Zn that 
are not useful catalysts.46, 79  However, Mo-chemistry requires an ancillary ligand with 
less steric bulk that forces the geometry of two oxygen ligands cis to each other (Figure 
8-6).  Isolation of 6-coordinate (TtzPh,Me)MoOxClx complexes were attempted.   
 
Figure 8-6:  Illustration of (TtzPh,Me)MoO2Cl, where one triazolyl ring is cis with Cl- and the one triazole 
ring is trans with Cl-. 
 
 Synthesis of (TtzPh,Me)MoO2Cl was attempted via two routes (Scheme 8-2).170  
TlTtzPh,Me (0.724 mmol) in dry DMF was allowed to react with MoO2Cl2 (0.724 mmol) 
for 24 hours under nitrogen.  The solution was filtered through a Hirsch filter and DMF 
was removed via rotary evaporation.  1H-NMR detects a change in the resonance peaks of 
the TtzPh,Me, suggesting it is bound to the metal.  Furthermore, two peaks were observed 
for every unique hydrogen that corresponds to rings cis and trans with the chlorine atom.  















making it insufficient evidence to conclude product formation.  After several attempts at 
recrystallization in methylene chloride layered with hexanes, yellow crystals formed that 
were suitable for X-ray crystallography.  Unfortunately, the crystals were of HtzPh,Me.  
This suggests that the complex had decomposed over time.   
Scheme 8-2:  Two synthetic routes were performed in an attempt to form complex 8-6. 
 
 The synthesis was repeated using methylene chloride since TlTtzPh,Me is more 
soluble in CH2Cl2.  After a 1:1 molar ratio of TlTtzPh,Me (0.289 mmol) was allowed to 
react with MoO2Cl2 (0.289 mmol) for 24 hours under nitrogen, the solution was filtered 
and the solvent was removed via rotary evaporation to give yellow solids.  These solids 
gave rise to the same 1H-NMR spectrum as the first attempt.    
 The second route in forming (TtzPh,Me)MoO2Cl utilizes the six-coordinate 
molybdenum precursor, MoO2Cl2(OPPh3)2, which is less sensitive to air and water.  A 
1:1 molar ratio of TlTtzPh,Me (0.724 mmol) was allowed to react with MoO2Cl2(OPPh3)2 
(0.724 mmol) in methylene chloride for 24 hours under nitrogen, the solution was filtered 
and the solvent was removed via rotary evaporation to give yellow solids.  The 1H-NMR 
spectrum reveals a shift in the ligand proton resonances; however, only one resonance 
appears for the unique hydrogen.  This suggests that the ligand environment has changed, 
but presumably not due to metal coordination, since two ligand resonances representing 
TlTtzPh,Me










the cis- and trans- triazolyl rings should be observed.  Furthermore, CI-MS does not 
reveal a molecular ion peak corresponding to formation of (TtzPh,Me)MoO2Cl at 652 m/z.   
 Since the synthesis of (TtzPh,Me)MoO2Cl is elusive, isolation of (TtzPh,Me)MoCl2O 
(8-8) was attempted (Scheme 8-3).171  MoCl5 stirred in  (0.60 mmol) THF at -78oC for 1 
hour.  The solution was slowly warmed to room temperature and a solution of TlTtzPh,Me 
(0.595 mmol) in THF was slowly added.  The solution stirred under N2 at 50oC for 24 
hours.   The solution was filtered and the solids were collected and rinsed with boiling 
1,2-dichloroethane.  The solution was filtered and the solvent was removed.  High 
resolution CI-MS detected a molecular ion peak at 671.08 m/z that matches the predicted 
value and isotopic pattern.  There is a shift in the proton resonances of TtzPh,Me suggesting 
that the ligand is bound to molybdenum. 
Scheme 8-3:  Synthetic route used to form complex 8-8 
 
 TtzPh,Me provides the right amount of bulk to support a six coordinate 
(TtzPh,Me)MoO2Cl or (TtzPh,Me)MoCl2O complex.  Unfortunately, isolation of either 
complex did not occur.  However, promising data was collected for (TtzPh,Me)MoCl2O, 




 TtziPr,Me is a new scorpionate ligand with intermediate steric bulk relative to 
TtztBu,Me and TtzPh,Me.  However, the rearrangement of the TtziPr,Me ligand during synthesis 
MoCl5
THF












and perhaps further rearrangement when reacted with a divalent transition metal allows 
for the formation of multiple isomers, preventing the crystallization and isolation of a 
pure transition metal complex.  TtziPr2 is also a new scorpionate ligand with intermediate 
steric bulk, and importantly, rearrangement of the 3- and 5- groups cannot occur.  Thus, 
isolation of divalent transition metal complexes occurs more readily.  It should be noted 
that the flexible nature of iPr-groups could presumably prevent them from stacking 
nicely to form crystals.  While TtziPr2 does support copper and zinc complexes that 
crystallized, many attempts were required to achieve high quality crystals of Cu(II).  
Future work with (TtziPr2)NiCl includes utilizing the complex as a precursor for forming a 
(TtziPr2)NiOH complex, which could be used as part of a (TtziPr2)MOH series to study 
hydrolytic enzymes, as discussed in Chapter 7.   
 TtzPh,Me supports homoleptic bis ligand complexes with divalent transition metals.  
It was proposed that it would provide the right amount of bulk to support a six coordinate 
(TtzPh,Me)MoO2Cl or (TtzPh,Me)MoCl2O complex.  Unfortunately, isolation of either 
complex did not occur.  However, promising data was collected for (TtzPh,Me)MoCl2O, 
where high resolution CI-MS detected a strong molecular ion peak.  One could envision 
this complex serving as a precursor for forming a (TtzPh,Me)MoO(dt) complex (where dt is 
a dithiolate group), which could serve as a good model for a molybdenum containing 





(a)                 (b) 
Figure 8-7:  (a) General illustration of (TtzPh,Me)MoO(dt), where dt=  dithiolate ligand.  (b) General 
illustration of a Mo-containing enzyme, sulfite oxidase.  Similar (TpR1,R2)MoO(dt) complexes are used to 





8.4.1. Recrystallization Attempts  
  
 Preparation of KTtziPr.Me, KTtziPr2, and KTtzPh,Me were prepared according to their 
literature procedure and/or their procedure discussed in Chapter 3.51, 77b  When necessary, 
solvents were dried using an M. Braun solvent purification system with alumina columns 
or were freshly distilled from CaH2 using standard methods.  NMR spectra were recorded 
using either a 300 MHz or a 500 MHz Varian Unity Inova NMR spectrophotometer.  IR 
spectra were recorded on a Perkin-Elmer Spectrum One Fourier-transform IR absorption 
spectrophotometer. High-resolution mass spectrometry was performed on VG70SE 
double focusing, triple quadruple mass spectrometer equipped with CI ionization 
capability.  UV/Visible spectra were recorded on Perkin Elmer Lambda 35 UV-Vis 
spectrometer EPR spectra were recorded on a Bruker X-band EMX spectrometer. 
 As previously discussed, several attempts at recrystallization were done on 
complexes 8-1 through 8-9: 1) methylene chloride layered with hexanes at room 
























solution of methylene chloride, 4) methylene chloride layered with methanol at room 
temperature, 5) THF layered with hexanes, and 6) toluene layered with hexanes.   
8.4.2. Synthesis of (TtziPr,Me)NiCl (8-1) 
 
 TlTtziPr,Me (0.097 g, 0.170 mmol) was combined with NiCl2  6 H2O (0.045 g, 
0.170 mmol) in methanol and stirred for 48 hrs.  The solvent was removed and the 
product was extracted into methylene chloride.  Recrystallization was attempted several 
times, but did not yield crystals suitable for X-ray diffraction (0.021 g, 0.044 mmol, 
25.88% crude yield).  CI-MS: 478.192128 m/z [M+1]+, (calc= 478.191572); IR: 2467.7 
cm-1(vBH).  
8.4.3. Synthesis of (TtziPr,Me)CuCl (8-2) 
 
 TlTtziPr,Me (0.102 g, 0.170 mmol) was combined with CuCl2  2 H2O (0.054 g, 
0.305 mmol) in methanol and stirred for 48 hrs.  The solvent was removed and the solids 
were extracted in methylene chloride.  Recrystallization was attempted several times, but 
did not yield crystals suitable for X-ray diffraction. CI-MS: 484.192626 m/z [M+1]+; 
(calc= 484.193650); IR: 2547 cm-1 (vBH) 
8.4.4. Synthesis of (TtziPr,Me)ZnCl (8-3) 
 
 TlTtziPr,Me (0.100 g, 0.170 mmol) in methylene chloride was combined with ZnCl2 
(0.023 g, 0.170 mmol) in methanol and stirred for 48 hrs.  The solvent was removed and 
the product was extracted into methylene chloride.  Recrystallization was attempted 
several times, but did not yield crystals suitable for X-ray diffraction (0.029 g, 0.0598 
mmol, 35.23% crude yield).  CI-MS: 484.184721 m/z [M+1]+, (calc = 484.185371); 1H-
NMR (d6-DMSO, 500 MHz): δ1.197 (broad, 18H, iPr-CH3), 2.178 (CH3,), 2.285 (CH3,), 





8.4.5. Synthesis of (TtziPr,Me)ZnOAc (8-4) 
 
 TlTtziPr,Me (0.214 mmol) was combined with Zn(OAc)2  2 H2O (0.322 mmol) in 
methanol and stirred for 24 hrs.  The solvent was removed and the solids were extracted 
into methylene chloride.  Recrystallization was attempted several times, but did not yield 
crystals suitable for X-ray diffraction (0.21 mmol, 98% crude yield).  1H-NMR (CDCl3, 
500 MHz): δ1.351 (s), δ2.090 (s), δ2.385 (s), IR: 2361 cm-1 (vBH),1584 cm-1 (vCO). 
8.4.6. Synthesis of (TtziPr2)CuOAc (8-5) 
 
 To a solution of KTtziPr2 (0.100 g, 1.97 x 10-4 mol) in methanol was added 
Cu(OAc)2 · H2O (0.0590 g, 2.96 x 10-4 mol) in methanol. After stirring for 48 hours, the 
solvent was removed by rotary evaporation to give blue solids.  Recrystallization from 
methylene chloride and hexanes produced blue solids (0.0700 g, 1.19 x 10-4 mol, 60.2% 
crude yield).  IR: 2534 cm-1 (vBH); CI-MS m/z = 591.322757 [M+H]+ (calc = 591.324177). 
8.4.7. Synthesis of (TtziPr2)NiCl (8-6) 
 
 In a round-bottom flask KTtziPr2 (0.197 mmol) was dissolved in methylene 
chloride and combined with NiCl2·6 H2O (0.236 mmol) dissolved in methanol. The 
solution was stirred for 72 hrs.  The solvent was removed by rotary evaporation and the 
solids were recrystallized in methylene chloride layered with hexanes.  Small, pink 
crystals formed, but were unsuitable for X-ray crystallography.  IR: 2534 cm-1 (vBH); CI-
MS m/z = 562.285746 [M+H]+ (calc = 562.285473). 
8.4.8. Synthesis of (TtzPh,Me)MoO2Cl (8-7)170 
 
A.  MoO2Cl2 (0.724 mmol) dissolved in DMF was mixed with TlTtzPh,Me (0.724 mmol) 
and stirred 24 hrs under N2.  The solution was filtered and the solvent was removed via 





for X-ray diffraction. CI-MS: 652.103208 [M+1]+ (calc= 652.104509); 1H-NMR (CDCl3, 
500 MHz): δ 2.171 (s), 2.550 (s), 7.42 (m), 7.43 (m), 8.02 (d), 8.05 (d).  
B. TlTtzPh,Me (0.0724 mmol) was dissolved in methylene chloride and combined with  
MoO2Cl2(OPPh3)2 (0.144 mmol) in methylene chloride.   The solution stirred 24 hrs 
under N2.  The solution was filtered and the solvent was removed via vacuum.  
Recrystallization was attempted in methylene chloride layered with hexanes.  1H-NMR 
(CDCl3, 500 MHz): δ 2.550 (s), 7.43 (m), 8.02 (d) 
8.4.9. Synthesis of (TtzPh,Me)MoCl2O (8-8)171 
 
 MoCl5 stirred in  (0.60 mmol) THF at -78oC for 1 hour.  The solution was slowly 
warmed to room temperature.  And TlTtzPh,Me (0.595 mmol) in THF was slowly added.  
The solution stirred under N2 at 50oC over night.   The solution was filtered and the solids 
were collected and rinsed with boiling 1,2-dichloroethane.  The solution was filtered and 
the solvent was removed.  CI-MS: 671.075737 [M+1]+ (calc= 671.078448), 670.068672 
[M]+ (calc= 670.070622);  1H-NMR (d6-DMSO, 500 MHz): δ 2.542 (s, 9H, -CH3), 3.9, 












8.4.10. X-ray Crystallography 
 
Table 8-3:  Crystallography data for (BtziPr2)2Cu and HtzPh,Me.  Experiments were carried out at 100 K  with 
Mo Ka radiation using a Bruker AXS SMART APEX CCD diffractometer. Data collection used w scans. 











Chemical formula C32H60B2CuN12 C9H9N3
Mr 698.08 159.19
Crystal system, 
space group Triclinic, P-1 Monoclinic, P(2)/n
a, b, c (Å) 11.3238(16), 12.8210(17), 13.7478(19) 8.082(3), 12.326(4), 9.211(3)
α, β, γ, (°) 101.109(2), 97.774(2), 93.886(2) 90, 113.663(6), 90
V (Å3) 1931.48 840.4(5)
Z 2 4
F(000) 750 336
Dx (Mg m-3) 1.2 1.258
No. of reflections for 
cell measurement
1585 875
2Θ range for cell 
measurement 2.65, 30.63 2.93, 30.79
m(mm-1) 0.604 0.08
Crystal shape block block
Colour blue colorless
Crystal size (mm) 0.45 x 0.26 x 0.22 0.35 x 0.31 x 0.27
Radiation source Fine-focus seal tubed Fine-focus seal tubed
Monochromator Graphite Multi-scan Graphite Multi-scan
Absorption 
correction Apex 2 v2011.2-0 (Bruker, 2011) Apex 2 v2011.2-0 (Bruker, 2011)
 Tmin, Tmax 0.6851, 0.7462 0.6696, 0.7462
No. of measured, 
independent and 
observed [I > 2σ(I)] 
reflections 23391, 11200, 9814 4572, 2028, 1493
Rint 9814 1493
min. and max. 2Θ 1.53, 31.13 2.84, 28.28
Range of h, k, l h = -16 ≤ 16, k = -17 ≤ 17, l = -19 ≤ 19 h = -10 ≤ 10, k = -16 ≤ 15, l = -7 ≤ 12
R[F2 > 2s(F2)], 
wR(F2), S 0.0401, 0.0901, 1.037 0.0601, 0.1228, 1.060
No. of reflections 11200 2028
No. of parameters 440 111
No. of restraints 0 0









 In 1969, Rees and Jones reported the first synthesis of a tris(triazolyl)methane 
(Ttzm) ligand, namely tris-(3,5-dimethyl-1,2,4-triazol-1-yl)methane.172  Isoelectronic 
TtzmR1,R2 ligands are the neutral analogs of the anionic tris(triazolyl)hydroborate (TtzR1,R2) 
ligands and are derived from replacing the [B-H]- backbone with a [C-R]0 moiety (Figure 
9-1).  The initial synthesis employed dichlorocarbene as the carbon source, resulting in 
low product yields (1.5-3.1%), where the majority of the starting material, 3,5-dimethyl-
1,2,4-triazole, was left over.172-173 A more rational synthesis of Ttzm was achieved by 
using chloroform and base under phase transfer conditions.174  The sterically non-
hindered tris(triazolyl)methane (Ttzm) ligand was made in this fashion and forms 
coordination polymers with various metals.18  Given the low yields and difficulty in 
generating this ligand, TtzmR1,R2 have garnered significantly less attention than Ttz.   
(a)                          (b)  
Figure 9-1:  General illustration of (a) Ttz and (b) Ttzm.   
 
 In general, ligands linked by C (rather than B) are usually more difficult to 
synthesize, but by using symmetric triazoles, the purification steps (and loss of yield due 





















stability that is both long-term and under highly acidic conditions.  The stability 
advantage is more important when considering acid-sensitive Tp ligands (vs. 
tris(pyrazolyl)methane), as triazoles produce Ttz ligands that are acid stable46 unless 
heated under acidic conditions for a significant amount of time.   
 Another advantage of using a C-R linkage is that the overall charge of the ligand 
is neutral.  The neutral charge of the ligand allows for isolation of sensitive M(I) 
complexes, that are otherwise difficult to isolate with anionic Ttz or Tp.  Furthermore, 
neutral TpmR1,R2 ligands are weaker electron donor ligands compared to their 
isoelectronic analog, anionic TpR1,R2 ligands.175  Thus TtzmR1,R2 ligands can support more 
electrophilic metal centers, when compared to TtzR1,R2, poised for reacting with 
nucleophilic substrates.  
 Despite the fact that TtzmR1,R2 has been around since 1969, the chemistry of the 
ligand is underdeveloped.  There are no reports on a sterically bulky TtzmR1,R2 ligand; 
TtzmH,H and TtzmMe2 are reported in the literature where only TtzmH,H was used as a 
ligand to form Fe(II)(TtzmH,H)2.32  Thus isolation of a low coordinate metal center poised 
for reactivity has not been isolated by TtzmR1,R2.  The synthesis of the first sterically 
bulky TtzmR1,R2 ligand and the metal complex it supports will be discussed herein. 
 
9.2. Results and Discussion 
 
 A novel scorpionate ligand, TtzmiPr2 was synthesized from HtziPr2 and chloroform. 
This is the first sterically bulky tris(triazolyl) ligand with a methane backbone (Figure 9-
2).  It is analogous to the neutral TpmiPr2 complex.  This ligand was used to support a 






Figure 9-2:  Illustration of the new scorpionate ligand, TtzmiPr2. 
 
9.2.1. Synthesis of TtzmiPr2 and (TtzmiPr2)Cu(NO3)2 
 
 TtzmiPr2 was prepared under solid-liquid phase transfer conditions where HtziPr2 
was allowed to react with chloroform and tetrabutylammonium hydrogen sulfate served 
as a phase transfer catalyst (Scheme 9-1).  The synthesis of TtzmiPr2 was low yielding 
(1%).  Higher yields may be achieved under liquid-liquid phase transfer conditions and 
should be attempted by the Papish group. Significantly, this is the first example of a 
bulky TtzmR1,R2 ligand.  The product was characterized by 1H-NMR and CI-MS.  High-
resolution CI-MS detected a molecular ion peak at 770.3 m/z that matches the predicted 
value and isotopic pattern. 









































 A copper(II) nitrite complex was prepared from TtzmiPr2.  TtzmiPr2 dissolved in 
methylene chloride was allowed to react with (CuNO3)2  2.5 H2O dissolved in acetone at 
a 1:2 molar ratio.  Recrystallization of the product in methylene chloride layered with 
pentanes yielded blue crystals that were analyzed by X-ray crystallography, elemental 
analysis, IR, and EPR.   
 The coordination around Cu(II) appears to be pseudo-octahedral (Figure 9-3).  
The coordination geometry and bond-lengths of this complex remains inconclusive due to 
the finite displacement of atom arrangements within the crystal lattice that resulted in a 
modulated crystal structure.  What can be deduced from the information is the 
coordination of the TtzmiPr2 ligand and binding modes of two NO3 molecules, where one 
nitrate molecule is monodentate and the second nitrate is bidentate.  The apparent 
geometry and binding mode of the two nitrate ions is different from that observed in 
(TpmiPr2)Cu(NO3)2.16  Presumably, the Cu-N bonds in (TtzmiPr2)Cu(NO3)2 are longer, 
creating a more space around Cu(II) to allow for a higher coordination number to be 






Figure 9-3:  Ortep diagram of the modulated crystal structure of (TtzmiPr2)Cu(NO3)2, where hydrogen atoms 
are omitted for clarity.  Color scheme is as follows: copper = orange, oxygen= red, nitrogen = pale blue, 
carbon = grey. 
 
 Furthermore, the IR revealed nitrate vibrations at 1564 cm-1 (NO2 vas), 1463 cm-1 
(NO2 vbend), 1384 cm-1 (NO2 vs), and 1261 cm-1 (NO v), which were generally lower than 
TpmiPr2Cu(NO3)2 complex stretches at 1558 cm-1 (NO2 vas), 1470 cm-1 (NO2 vbend), 1385 
cm-1 (NO2 vs), 1286 cm-1 (NO v).20  The lower vibration frequencies observed in 
TtzmiPr2Cu(NO3)2 compared to TpmiPr2Cu(NO3)2, is a reflection of the distinct nitrate 
binding modes and ligand donor properties. 
 The experimental EPR (red) along with the simulated spectra (green) are given in 
Figure 9-4 and were collected by Anna Merkle and Nicolai Lehnert at University of 
Michigan.  The EPR spectrum was taken at 77 K after being frozen in liquid nitrogen. 
The simulated spectrum was determined by SpinCount1 to obtain the g-values for each 
species along with the copper hyperfine coupling constants (A).  The observed g-values 





hyperfine splitting observed in most of the complexes is due to the nuclear spin (I = 3/2) 
of copper.  The green simulated spectrum has the fit parameters: gz = 2.333, gy = 2.083, 
gx = 2.083; copper hyperfine: CuAz = 468 MHz, CuAy = 60 MHz, CuAx = 60 MHz.  There 
is no observable nitrogen super hyperfine splitting. This characteristic g-value order, 
where gz > gx, gy corresponds to a dx2-y2 ground state for the solid-state.  Interestingly, this 
corresponds to a square-pyramidal geometry.  Thus, the binding mode of the nitrate 






Figure 9-4:  EPR spectrum of (TtzmiPr2)Cu(NO3)2 at 77 K in frozen methylene chloride (red) 
and fit of the spectrum using the program SpinCount (green).1 Fit parameters: gz = 2.333, gy = 
2.083, gx = 2.083; Hyperfine: CuAz = 468 MHz, CuAy = 60 MHz, CuAx = 60 MHz. There is no N-







 A novel scorpionate ligand has been synthesized, TtzmiPr2.  It is the first neutral 
TtzR1,R2 ligand with steric bulk.  Yields of this ligand are low but may be improved if 
K2CO3 is replaced with Na2CO3.175a  Alternatively, the reaction can be done under liquid-
liquid phase transfer conditions.175a, 176  Importantly, TtzmiPr2 supports a copper(II) nitrite 
complex, (TtzmiPr2)Cu(NO3)2.  This complex is similar to that of the Tp-analog, 
(TpmiPr2)Cu(NO3)2.  One can envision using TtzmiPr2 as a supporting ligand for Cu(I)NO2, 
a promising model for the CuNiR enzyme.  Furthermore, this ligand is poised for 
supporting electrophilic metal centers that can catalyze the activation of nucleophilic 
bonds.  Another area of research that should be considered is using TtzmiPr2 as a 
supporting ligand for a Mo-complex as a catalyst for either nitrogen fixation/activation or 
substrate oxidation.177  Clearly, there is a wide-range of chemistry that should be 
explored using the novel TtzmiPr2 ligand.  
 The coordination and organometallic chemistry of tris(triazolyl)methane ligands 
is underdeveloped, where only sterically nonbulky TtzmR1,R2 ligands have been 
synthesized.  It can be predicted that the properties or reactivity of these complexes will 
differ from that of the Ttz analogues.  These ligands are poised for utilization in areas 
pertaining to both stoichiometric and catalytic transformations.  Importantly, these 
ligands can be used to develop bioinorganic and biologically- inspired chemistry.  Once 
the synthesis of these ligands is established, new opportunities in the fields of biomimetic, 







9.4.1. General Methods 
 
 The synthesis of TtzmiPr2 was performed under an atmosphere of dry nitrogen 
using standard Schlenk techniques and an M. Braun UNILAB glove-box.  All chemicals 
were purchased from Aldrich and were used without further purification. 
(TtzmiPr2)Cu(NO3)2 was prepared according to the literature procedure for 
(TpmiPr2)Cu(NO3)2.178  NMR spectra were recorded using a 500 MHz Varian Unity Inova 
NMR spectrophotometer.  IR spectra were recorded on a Perkin-Elmer Spectrum One 
Fourier-transform IR absorption spectrophotometer.  High-resolution mass spectrometry 
was performed on VG70SE double focusing, triple quadruple mass spectrometer 
equipped with CI ionization capability.  EPR spectra were recorded on a Bruker X-band 
EMX spectrometer.   
9.4.2. Synthesis of TtzmiPr2 
 	   HtziPr2 (2.43 g, 16 mmol), K2CO3 (4.39g, 32 mmol), and tetrabutylammonium 
hydrogen sulfate (0.67 g, 1.9 mmol) stirred in chloroform and purged under N2 for 15 
min.  The solution refluxed at 95oC for 3 days under N2.  The solution cooled and the 
precipitate was removed by vacuum filtration.  The solvent was removed from the filtrate 
via rotary evaporation and the remaining oil was separated using column chromotagraphy 
packed with silica gel.  A 1:2 ether/hexanes solvent system was used to remove 
impurities.  The solvent was removed by rotary evaporation, resulting in pale yellow 
solids, (0.1 g, 0.21 mmol, 1% yield).  1H-NMR (500 MHz, CDCl3):  δ 1.12 (3 H, d, iPr-
CH3), 1.26 (3 H, d, iPr-CH3), 3.02 (18 H, m, iPr-CH), 3.18 (18 H, m, iPr-CH), 8.38 (1 H, 





9.4.3. Synthesis of (TtzmiPr2)Cu(NO3)2 
 
 TtzmiPr2 (0.049 g, 0.104 mmol) was dissolved in methylene chloride and allowed 
to react with a solution of Cu(NO3)2 · 2.5 H2O (0.037 g, 0.16 mmol) in acetone.  The light 
blue solution stirred for 48 hrs.  The solvent was removed by rotary evaporation and the 
solids were extracted into methylene chloride.  Recrystallization in methylene chloride 
layered with pentanes yield blue crystals.   IR: 1564 cm-1 (NO2 vas), 1463 cm-1 (NO2 vbend), 
1384 cm-1 (NO2 vs), 1261 cm-1 (NO v); EPR: gz = 2.333, gy = 2.083, gx = 2.083; copper 
hyperfine: CuAz = 468 MHz, CuAy = 60 MHz, CuAx = 60 MHz; Anal. Calcd for 
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Figure 10-21:  CI-MS of TlTtziPr2 (3-6).  
M+1 
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Figure 10-22:  :  CI-MS of TlTtziPr2 (3-6), continued. 
 







































































Figure 10-27:  IR of TtziPr2CuCO (4-2).  
 
 




























Figure 10-29:  CI-MS of TtziPr2CuCO (4-2).  
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Figure 10-33:  CI-MS of (TtziPr2CuCl)2 (5-9), continued. 
 
 





























Figure 10-35:  UV-Vis spectrum of (TtziPr2CuCl)2 (5-9). 
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Figure 10-38:  -Solid-state ATIR spectrum of TtziPr2CuNO2 (5-3). 
 














































Figure 10-40:  Beer’s Law plot of the λmax corresponding to of TtziPr2CuNO2 (5-3). 
 
y = 3331x 
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Figure 10-42:  CI-MS of TtziPr2CuNO3 (5-6), continued.  
 
 

































Figure 10-45:1H-NMR of (TtziPr2)Cu(II)NO2 and PPNNO2formed from the attempted synthesis of 
(TtziPr2)Cu(I)NO2. 
y = 2806.2x 

































Figure 10-47:  C-H activation of  cyclohexanes with (TtztBu,Me)CuNCCH3 (6-1). 
O
O












Figure 10-48:  C-H activation of  cyclohexanes with (TtztBu,Me)CuNCCH3  H+ (6-1   H+). 
O
O
































Figure 10-52:  Control experiment, C-H activation of cyclohexanes with no copper presenct.  H+ was present. 
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Figure 10-66:  CI-MS of TtziPr2ZnCH2CH3 (7-2) in CDCl3, continued. 
 
 

























Figure 10-68:  CI-MS of product from hydrolysis of TtziPr2ZnCl using Method 1.  CI-MS shows that the 
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Figure 10-69:  CI-MS of product from hydrolysis of TtziPr2ZnCl using Method 1.  CI-MS shows that the 
product is TtziPr2ZnCl. 
 
Figure 10-70:  1H-NMR spectrum of product from hydrolysis of TtziPr2ZnCl using Method 1.  1H-NMR 
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Figure 10-83:  IR spectrum of product from attempted synthesis of TtziPr2ZnOH using Method 3. 
 









































Figure 10-86:  1H-NMR spectrum of product from from hydrolysis of TtziPr2ZnCH2CH3, Method 4, after 1 
day. 
 








































































Figure 10-93:  CI-MS from hydrolysis of TtziPr2ZnCH2CH3, Method 4. 
 
 




































Figure 10-98:  CI-MS of TtziPr,MeNiCl (8-1). 
 
 




































Figure 10-101:  CI-MS of TtziPr,MeCuCl (8-2). 
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Figure 10-105:  1H-NMR spectrum of TtziPr,MeZnCl (8-3). 
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Figure 10-112:  CI-MS of TtziPr2NiCl (8-5). 
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Figure 10-116:  IR spectrum of TtziPr2CuOAc (8-6). 
 
Figure 10-117:  Ortep diagram of HtzPh,Me, hydrogens are omitted for clarity (Nitrogens are in blue and 
carbons are in grey).  HtzPh,Me is a degradation product from TtzPh,MeMoO2Cl. 
 
Table 10-1:  Bond lengths and angles corresponding to HtzPh,Me. 
Bond Lengths (Å)  Bond Angles (°) 
HtzPh,Me   
C1-C2 1.475(2)  C1-C2-N1 126.0(1) 
C2-N1 1.324(2)  C1-C2-N2 124.7(1) 
C2-N2 1.327(2)  N1-C2-N2 109.3(1) 
C3-C4 1.466(2)  C4-C3-N1 123.6(1) 




























Bond Lengths (Å)  Bond Angles (°) 
C3-N3 1.3181(1)  N1-C3-N3 113.7(1) 
C4-C5 1.382(2)  C3-C4-C5 120.9(1) 
C4-C9 1.391(2)  C3-C4-C9 120.8(1) 
C5-C6 1.378(2)  C5-C4-C9 118.3(1) 
C6-C7 1.368(3)  C2-N1-C3 103.7(1) 
C7-C8 1.367(2)  C2-N2-N3 110.7(1) 
C8-C9 1.374(3)  C3-N3-N2 102.5(1) 
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